
INTERNATIONAL ATOMIC WEIGHTS 

Based on 


Element 

Symbol 

A tomic 
number 

A tomic 
-weight 

Element 

Symbol 

Atomic 

number 

Atomic 

weighf 

Actinium 

Ac 

89 

[227]* 

Mercury 

Hg 

80 

200 59 

Aluminum 

Al 

13 

26.9815 

Molybdenum 

Mo 

42 

95.94 

Americium 

Am 

95 

[243]^ 

Neodymium 

Nd 

60 

144 24 

Antimony 

Sb 

51 

12L75 

Neon 

Ne 

10 

20 183 

Argon 

Ar 

18 

39.948 

Neptunium 

Np 

93 

[2371* 

Arsenic 

As 

33 

74.9216 

Nickel 

Ni 

28 

58,71 

Astatine 

At 

85 


Niobium 

Nb 

41 

92.906 

Barium 

Ba 

56 

137.34 

Nitrogen 

N 

7 

14.0067 

Berkelium 

Bk 

97 

[247]* 

Nobelium 

No 

102 

{2541- 

Beryllium 

Be 

4 

9.0 J 22 

Osmkim 

Os 

76 

190.2 

Bismuth 

Bi 

83 

208.980 

Oxygen 

O 

8 

15 9994 

Boron 

B 

5 

10811 

Palladium 

Pd 

46 

106.4 

Bromine 

Br 

35 

79.909 

Phosphorus 

P 

15 

30.9738 

Cadmium 

Cd 

48 

112 40 

Platinum 

Pt 

78 

195.09 

Calcium 

Ca 

20 

40 08 

Plutonium 

Pu 

94 

1242]* 

Californium 

Cf 

98 

[247J* 

Polonium 

Po 

84 

(210] 

Carbon 

C 

6 

12.01115 

Potassium 

K 

19 

39.102 

Cerium 

Cc 

58 

140 12 

Praseodymium 

Pr 

59 

140.907 

Cesium 

Cs 

55 

132 905 

Promethium 

Pm 

61 

(1471* 

Chlorine 

Cl 

17 

35 453 

Protoactinium 

Pa 

91 

C23I}- 

Chromium 

Cr 

24 

51.996 

Radium 

Ra 

88 

(226]* 

Cobalt 

Co 

27 

58.9332 

Radon 

Rn 

86 

(222 J- 

Copper 

Cu 

29 

63.54 

Rhenium 

Re 

75 

186.2 

Curium 

Cm 

96 

[247]’^ 

Rhodium 

Rh 

45 

102.905 

Dysprosium 

oy 

66 

162.50 

Rubidium 

Rb 

37 

85.47 

Einsteinium 

Es 

99 

1254]'^ 

Ruthenium 

Ru 

44 

101.07 

Erbium 

Er 

68 

167.26 

Samarium 

Sm 

62 

150.35 

Europium 

Eu 

63 

151.96 

Scandium 

Sc 

21 

44 956 

Fermi um 

Fm 

100 

1253)^ 

Selenium 

Se 

34 

78.96 

Fluorine 

F 

9 

18.9984 

Silicon 

Si 

14 

28.086 

Francium 

Fr 

87 

t223r 

Silver 

Ag 

47 

107.870 

Gadolinium 

Gd 

64 

157.25 

Sodium 

Na 

11 

22.9898 

Gallium 

Ga 

31 

69.72 

Strontium 

Sr 

38 

87.62 

Germanium 

Ge 

32 

72.59 

Sulfur 

S 

16 

32.064 

Gold 

Au 

79 

196.967 

Tantalum 

Ta 

73 

180.948 

Hafnium 

Hf 

72 

178-49 

Technetium 

Tc 

43 

mr 

Helium 

He 

2 

4.0026 

Tellurium 

Te 

52 

127.60 

Holmium 

Ho 

67 

164.930 

Terbium 

Tb 

65 

158.924 

Hydrogen 

H 

I 

1.00797 

Thallium 

Tl 

SI 

2^.37 

Indium 

In 

49 

114.82 

Thorium 

Th 

90 

2324>38 

Iodine 

I 

53 

126.9044 

Thulium 

Tm 

69 

168.934 

Iridium 

Ir 

77 

192.2 

Tin 

Sn 

50 

118.69 

Iron 

Fe 

26 

55.847 

Titanium 

Ti 

22 

47.90 

Krypton 

Kr 

36 

S3.S0 

Tungsten 

W 

74 

183.85 

Lanthanum 

La 

57 

138.91 

Uranium 

U 

92 

238.03 

LawreiKiuiifi 

Lw 

103 

{2571- 

Vanadium 

V 

23 

50.942 

Lead 

Fb 

82 

207.19 

Xenon 

Xe 

54 

i3l:m> 

Lithium 

Li 

3 

6.939 

Ytterbium 

Yb 

70 

173.04 

Lu^tium 

Lu 

71 

174.97 

Yttrium 

Y 

39 

88.905 

Magnesium 

Mg 

12 

24.312 

Zinc 

Zn 

30 

65.37 

Mai^nom 

Mn 

25 

54.93W 

Zirconium 

Zr 

40 

9L22 

Metidelevlum 

Md 

101 

{256P 








♦Mass nitmb<»s of the niost stable or most abundant isotopes are ^own in parentheses. 
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PREFACE 


An understanding and appreciation of science and the scientific method requires much more 
than the mere memorization and cataloguing of factual data Ability to grasp concepts and dexterity 
in proposing solutions to problems are some of the essential characteristics which need to be de- 
veloped. The primary purpose of this book is to assist the student m developing those character- 
istics so essential for solving new problems and interpreting unfamiliar data. 

This IS a programmed book It is organized into a logical set of questions which, when an- 
swered correctly, will lead the students to the desired learning goal Each question is accompanied 
by a correct response so that proposed answers may be immediately checked. This book differs 
from many programmed texts in that topics are covered in more depth and the questions require a 
greater degree of independent thought. Some questions may be answered quickly Other questions 
are more involved and will require plotting of graphs, solving quadratic equations, or deriving 
mathematical relationships. 

This programmed book is divided into 10 chapters, each of which has a short introduction in- 
dicating what should be accomplished. Following the introduction are statements (marked S), ques- 
tions (marked Q), answers (marked A) and review statements (marked R) The statements give 
some basic information and are followed by a senes of graded questions and answers. This manual 
will ^ a useful learning aid only ^ each question is answered ^ tlm student before the correct 
response is consulted Reading the question and then reading the answer is not satisfactory, The 
following steps are recommended for using this book* 

1. Cover each page of the book with a piece of scratch paper in such a way that you can see 
only a statement. Read the statement carefully. 

2. Uncover the first question. Write out the answer to the question on the piece of scratch 
paper. 

3. Move the scratch paper down the page so that a correct response to the first question can 
be seen. Read the entire answer given and compare it with your answer. 

4. If your answer is correct, proceed to the next question. If your answer is incorrect, re- 
study the previous statement and questions. DO NOT PROCEED UNTIL YOU UNDER- 
STAND AND CAN CORRECTLY ANSWER EACH QUESTION. 

This programmed book will assist you in learning the principles of chemistry; however, it is 
not a substitute for hard and diligent work. 

We are indebted to the helpful suggestions made by coUeapes and the many students at 
Hamline University who have usd this book. We wish to particularly thank Dr. Perry Moore, 
Dr Rodney Olsen, Dr. Lyle Hall, Miss Elain Folkers, Miss Kathlyn Deviny and Mr. Roger Giese 
for their assistance. We gratefully acknowledge the financial support of the Louis W. and Maud 
Hill Family Foundation in the preparation of the manuscript. 


O.R. 

C. J. C. 

Y m ty 

u « Aw «n* 
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Chapter 1 


MATHEMATICAL 

MANIPULATIONS 


This chapter is divided into four parts. Even though certain topics may have been studied 
previously and seem familiar, you should be sure that each problem m every part can be worked 
quickly and accurately. 

Part I' Scientific Notation and Logarithms 

After completing this section you should be able to 

a) express any number in scientific notation 

b) determine the logarithm and anti-logarithm of any number 

c) use logs to multiply or divide any two numbers 

d) use logs to determine the value of a number raised to any power. 

Part II: The Slide Rule 

After completing this section you should be able to 

a) use the slide rule to multiply or divide any two numbers 

b) use the slide rule to find the 1(^ and anti -log of any number 

c) use the slide rule to find squares, cubes, square roots and cube roots of any number. 


Part ni; Treatment of Experimental Data 

After comideting this section you should be able to 

a) determine the number of significant figures in any number 

b) determine the significant figures in an answer after an addition, subtraction, multi- 
plication or division process 

c) compute deviations 

d) understand the significance of a deviation. 

Part IV; Units and the Unit Conversion Method 

Alter completing this section you sdiould be able to solve problems by the unit conversion 
method. 
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mathematical manipulations 


PART I: Scientific Notation and Logarithms 


S-l The study of science deals with very large and very small numbers It is important, there- 
fore, that we learn howto manipulate these large and small numbers without error Num- 
bers can be expressed as a unit number (a number between one and ten which may be a 
decimal, e g , 7 62) times some power of ten (i e. , in scientific notation ) The exponent of 
ten IS determined by the number of places the decimal point must be moved in order toTorm 
the unit number For every place the decimal is moved to the left, the exponent is increased 
by one unit. For every place the decimal is moved to the right, the exponent is reduced by 
one unit For example 

0 00378 = 3 78 X lO'^ 

651 = 6 51 X 102 
“ 0 087 X 108 = 8 7 X 106 






A-1 a) 6 95 X 10"® 
b) 7 32 X 10-8 


Q-1 Write the following numbers in scientific 
notation. 

a) 0 0000695 

b) 0 0000000732 






Q-2 Write the following numbers in scientific 
notation. 

a) 624200.0 

b) 380090600.0 


A-2 a) 6 242 x 10® 

b) 3 800906 X 10® 


Q-3 Write the following numbers in scientific 
notation. 

a) 0.0275 x 10® 

b) 0. 00769 X 10-2 


A-3 a) 2 75x IQi 
b) 7.69x 10-® 


Q-4 Write the following numbers in scientific 
notation. 

a) 38. 76 X 10® 

b) 7826.2x 10-9 








A-4 a) 3 876 x 10® 
b) 7 8262 X 10-8 




A-5 a) 0.0732 
b) 89,200 


Q-5 Write the numerical equivalent of the fol- 
lowing numbers in ijan-scientific notation. 

a) 7. 32 X 10-2 

b) 8.92xl0< 

Q-6 Write the numerical equiv^ent of the fol- 
lowing numbers in non-scientific notation. 

a) 2. 37 X 10‘9 

b) 4.56x10-^ 


A-6 a) 23,700,000,000 
b) 0.000000456 
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S-2 The logarithm of 10® is 9 000, the logarithm of 10®® is 23,000, and the logarithm of 10~® is 
-6 000 The logarithm of a number is simply the power of ten that must be used to express 
that number The number 1, expressed as a power of ten, is 10®, and the number ten, ex- 
pressed as a power of ten, is 10^ Any number between one and ten can be expressed as a 
power of ten and that power will be between zero and one. Thus, the number five, expressed 
as a power of ten, is 10® ®®® Therefore, the log of five is 0, 699 The log of a number is not 
readily computed, but fortunately the logs of numbers are provided in table form (A table 
of logarithms is provided at the end of this chapter. ) The following example explains how to 
use this table. 3 74 expressed as a power of ten would be ten raised to the log of 3 74, i e. , 
To find the log of 3. 74 in the table, follow these steps 

a) find the first two digits of the number, i. e , 37, in the left hand column under N, 

b) go directly across from this number until you are in the column headed by the 
third digit of the number, i.e. , 4, the number m the column is the log of 3 74 
(log 3 74 ^ 0. 5729); 

c) if the number had had four digits, say 3 742, proceed to the proportional parts table 
located on the ri^ht hand side of each page; 

d) the number directly across from the log previously found and in the column headed 
by the fourth digit of the number (2) is, in this case, 0. 0002 (the decimal and three 
zeros are understood) This proportional part is added to the log of 3. 74, 

0. 5729 (log 3. 74) 

+0. 0002 (proportional part) 

0. 5731 (log 3 742) 


A-7 a) 0.6395 

b) 0.8904 

c) 0.9643 


A-8 a) 0. 4409 + 0. 0003 = 0. 4412 

b) 0.6972 + 0.0003 = 0.6975 

c) 0.9894 + 0 0001 » 0.9895 


Q-7 Using the log table, find the log of each of 
the following- 

a) 4.36 

b) 7 77 

c) 9.21 


Q-8 Find the log of each of the following. 

a) 2.762 

b) 4.983 

c) 9.762 


Q-9 Express each of the following numbers as 
a power of ten, 

a) 1 . 388 

b) 2.179 


« K #««« W V W M (* M «« M « Ml W till # ^ W «•« «*«««»*» W e « 


A-9 To express a number as a power of ten 
is to raise ten to the log of the number. 

a) log 1.388 = 0.1399 + 0.0026 

» 0. 1425 

as a power of ten: 10®-***® 

b) log 2.179 » 0.8365 + 0.0018 

- 0 3383 

as a power of ten: lo®***® 




Q-10 Find the Ic^ of each of the following, 

a) 3.769 

b) 5.890 

c) 6.311 


3 




A-10 a) 0. 5752 
0.0010 
0. 5762 

b) 0,7701 

c) 0.8000 
0.0001 
0.8001 


log 3. 76 

proportional part 
log 3. 769 
log 5. 890 
log 6. 31 

proportional part 
log 6.311 
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S-3 To fmd the log of a number less than one or larger than ten, write the number in scientific 
notation, i e , as a unit numeral and a power of ten The log of the numeral and the exponent 
of ten are added For example 

log (3 61 X 10®) = log 3 61 + log 10® 

= 0 5 575 + 3 000 
= 3 5575 

log 0 0361 
= log (3 61 X 10-®) 

- log 3 61 + log 10"® 

= 0 5 575 + (-2 000) 

= -1 4425 


(Numbers to the left of the decimal are referred to as 
the characteristic of the log The numbers to the 
right of the decimal are referred to as the mantissa.) 



Q-11 Find the log of 10, 480 

A-11 log (1 048 X 10^) = 4 000 + 0 0203 

= 4 0203 

Q-12 Find the log of 0 000978. 

A-12 log (9 78 X 10"^) = -4 000 + 0. 9903 

= -3 0097 

Q-13 Find the logs of each of the following 
numbers. 

a) 0.0917 

b) 0.00627 

A-13 a) 0 9624 + (-2 000) = -1 0376 
b) 0 7973 + (-3 000) = -2 2027 

Q-14 Find the logs of the following numbers. 

a) 38.16 

b) 1002.0 

A-14 a) 0 5816 +1=1 5816 
b) 0,0008 +3=3 0008 

Q-15 Give the logarithms of the following 
numbers. 

a) 0.0038 

b) 1.37 X 10-« 

c) 9.81 X 10-» 

A-15 a) -3 +0 5798 = -2 4202 

b) -6 + 0. 1367 = -5 8633 

c) -17+0,9917 =-16.0083 



S-4 If the logarithm of a number is given, the original number can be determined. That is, the 
antilog of the log can be determined. For example, to find the number whose iog is 0. 2480, 
first find the log in the body of the table and then determine the unit and tenth place of the num - 
ber from the column headed N. The hundredth place of the number will be found at the head- 
ing of the column in which the logarithm is located. In the case of 0.2480, the antilog is l.7t. 
If the log had been 0 2487, the number would not have been found in the body of the table. The 
closest number listed which is 1^ than 0. 2487 is 0. 2480, which differs from the correct log 
by 0 0007 units. Moving across the same row to the proportional parts table, find the num- 
ber closest to 0.0007 and note that It is listed in the column headed 3. Therefore, the antilog 
of 0.2487 IS 1.773. 
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Q-16 Find the antilog of the following numbers, 

a) 0 9106 

b) 0.7860 


A-16 a) 8 140 

b) 6 no 

Q-17 Find the antilog of the following numbers 

a) 0.0934 

b) 0 8713 

A-17 a) 1.240 

Q-18 Find the antilog of the following numbers 

b) 7.435 

a) 0.5748 


b) 0.3287 


c) 0.7358 

A-18 a) 3. 757 


b) 2.132 


c) 5.442 



S-5 To find the antilog of a log which is greater than one, e g. 2. 8615, treat the log as the sum 
of an integer and a decimal (i e , 2+0, 8615). Raise ten to the integer and find the antilog 
of the decimal portion. Finally, multiply these two together. For example- 

2.8615 = 2 +0.8615 

antilog of 0. 8615 = 7. 270 

therefore, antilog of 2. 8615 = 10^ x 7. 270 



« 

ft 

« 

ft 

ft 

ft 

ft 

n 

Q-19 

Find the antilog of 1. 1235. 


A-19 1.1235 = 0.1235 + 1 

ft 

ft 

II 

a 

a 

» 

Q-20 

Find the antilog of 9. 8764. 


antilog of 0. 1235 = 1.329 

ft 

ft 

ft 




antilog of 1.1235 = 1.329 X 10^ 

ft 

ft 

ft 

ft 

ft 





A-20 7.523 x 10® \ Q-21 Find the antilog of 13. 4861. 

h 

A-21 3. 063 X 10‘3 1 Q-22 Find the antilog of 7. 3712, 

M 

t 

* 

A-22 7. 3712 = 0. 3712 + 7 1 Q-23 Find the antilog of 23. 7796. 

antilog of 0.3712 * 2.350 • 

antilog of 7. 3712 = 2. 350 x 10^ ; 

ft 

• 

A-23 23.7796 » 0.7796 + 23 : 

antilogof 0.7796 = 6.020 ; 

antilog of 23. 7796 » 6. 020 x 10** \ 


8-6 TTie logarithms listed in the taWe are positive values; ttterefore, negative logs cannot be 
found directly. 

The antilog of a negative log such as -2.3201 is found in the following way. First rewrite the 
log as the sum of a negative whole number and a positive decimal (e, g, , -3 +0. 6799), Find 
the antilog of the decimal part (in this case 4.785) and then multiply this antilog times ten 
raised to the negative whole number. The antilog of -2. 3201 then is 4. 785 x 10"®. 
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Q-24 What IS the antilog of -7 320“? 


A-24 The logarithm -7 320 can be rewritten 
as -8 + 0 680 The antilog of -8 is 
10"®, the antilog of 0 680 is 4 79 
Therefore, the antilog of -7 320 is 
4 79 X 10-® 


A-25 -14 77 = -15 + 0 23 

antilog of 0 23 = 1 70 
antilog of -14 77 = 1 70 x 10"^® 


Q-25 What is the antilog of -14 77? 


Q-26 What is the antilog of each of the follow- 
ing? 

a) -12 31 

b) -2 78 

c) -4 50 


A-26 a) antilog of (-13 + 0 69) = 4 90 x 10"*® 

b) antilog of (-3 + 0 22) = 1 66 x 10~® 

c) antilog of (-5 + 0 50) = 3 16 x 10"® 


Q-27 What IS the antilog of each of the follow- 
ing? 

a) -42 2534 

b) -19.6073 


A-27 a) antilog (-43 + 0 7466) 
antilog 0 7466 = 5 580 
antilog -42 2534 = 5 580 x 10"*® 
b) antilog (-20 + 0 3927) 
antilog 0 3927 = 2.470 
antilog -19 6073 = 2 470 x 10"®° 


S-7 Multiplication of powers of ten involves adding exponents For example 

10® X 10® = 10® 

10*® X 10*® = 10®® 

10® ®®® X 10®-^*® = 10®-®^* 

Because the exponents are the logarithms, numbers can be multiplied by adding their loga- 
rithms For example, the value of (3 210)(2 520) may be found in the following way 

log 3. 210 = 0.5065 

log 2. 520 = 0 4014 

sum of logs = 0, 9079 
antilog of 0 9079 = 8 090 
(3. 210) (2. 520) = 8 090 



Q-28 

Using logarithms carry out the following 
operation. 

(1. 23)(4, 56) 

A-28 

0.0899 = log 1.23 

0, 6590 = log 4. 56 

0. 7489 

antilog 0 7489 = 5 609 

Q-29 

Using logs, multiply. 

4.980 X 1,060 


A-29 

0.6972 = log 4. 98 

0.0253 = log 1.06 

0. 7225 

antilog 0,7225 = 5 279 

Q-30 

Using logs, multiply. 

3. 860 X 2.150 
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A-30 0 5866 = log 3 86 

0 3324 = log 2 15 

0 9190 

antilog 0 9190 = 8 298 

Q-31 Using logs, multiply 

7 985 X 12 36 

A-31 0 9022 = log 7 985 

1,0920 = log 12.36 

1 9942 

antilog 1. 9942 = 9, 870 x 10^ 

Q-32 Multiply using logs 

0 00879 X 0 09634 

A-32 0, 9440 + (-3) = log 0.00879 

0. 9838 + (-2) = log 0 09634 

1,9278 + (-5) or 

0 9278 - 4 

antilog of 0 9278 + (-4) = 8. 468 x 10"“ 

Q-33 Multiply using logs 

10 95 X 453 2 

A-33 1.0395 = log 10 95 

2.6563 = log 453.2 

3.6958 

antilog of 3 6958 = 4 963 x 10 

Q-34 Multiply using logs. 

987,2x7,425 

A-34 2. 9944 = log 987 2 

3.8707 = log 7,425 

6.8651 

antilog 6. 8651 = 7. 330 x 10® 

Q-35 Multiply using logs. 

0,00937 X 0.000000581 

A-35 0 9717 + (-3) * log 0.00937 

0. 7642 + (-7) = log 0.000000581 

1.7359 + (-10) 

0.7359 + (-9) 
antilog = 5. 444 x 10" 



S-8 To divide powers of ten, the exponents are subtracted. For example; 

10 ^ / 10 * = 10 *-* = 10 ® 


Because the exponents are logarithms, division can be f ‘ ^ 

rithms. For ex^ple, the following operation is carried out in the manner indicated. 

12,37 log 12. 37 = 1.0923 
T 733 ir ’ -log 1. 430 = -0.1553 

0. 9370 

antilog 0. 9370 = 8. 850 


9372 

\ Q-86 Using logs, divide 


5286 


A-36 log 9372 - 3. 9718 
log 1865 a- 3. 2707 
0. 7011 

antilog of 0.7011 » 5.025 


: Q-37 Using logs, divide gg-gg 




s 

a 

« 

I 

9 

9 

m 

• 
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A-37 log 5286 = 3.7231 
log 28 60 = -1 4564 
2 2667 

antilog 2 2667 = 1.848 x 10^ 


Q-38 Using logs, divide q 0007i 


A-38 log 8752 = 0 9421 + 3 

log 0 00071 = -0 8513 - (-4) 
0 0908 + 7 

antilog 7 0908 = 1 233 x 10^ 


Q-39 Divide using logs 

1 764 X 10-^° 
3 89 X 10-« 


A-39 log 1 764 X 10“^o = 0 2465 + (-10) 
log 3 8P X 10-® = - 0 5899 - (-6) 
-0 3434 -4 

antilog (-0 3434 -4) = 

antilog (0 6566 -5) 

= 4. 535 X 10-5 


Q-40 Using logs, divide 

0 00984 
0 000760 


A-40 log 0 00984 = 0 9930 + (-3) 
log 0 000760 = -0 8808 - (-4) 
0 1122 + 1 

antilog 1 1122 = 1 295 x 10^ 


Q-41 Using logs, divide 

7 68 X 10~^ 
1.92 X 101“* 



A-41 log 7 68 X 10-5 ,, 0 8854 - 5 

log 1 92 X 1014 = -(0 2833 + 14) 

0 6021 - 19 

antilog (0 6021 - 19) = 4 00 x lO-i* 


Any root of a number, i e , square, cube, etc , can easily be found by using logs. First, 
find the log of the number. Then simply divide the log by the degree of the root. Finally, 
find the antilog For example 

V3879 a) log 3879 = 0 5887 + 3 

b) — = 0. 5127 

c) antilog of 0 5127 = 3.256 = HSld 


If the original number is less than one, the log must be manipulated to be put in a usable 
form. For example 

S/ rt \ i ^ ^ rt e\ a/\^ n n. crirt ^ i -x i_ * j 


0 00692 a) log 0. 00692 = 0 8401 - 3 = -2. 1599 (The log must be expressed as one com- 
plete number, not as the sum of two numbers ) 

-2 1599 

b) divide, as before, by the degree of the root g — = -0.4320 

c) to find the antilog, first convert the log into the sum of a positive decimal 
and a whole number -0. 4320 = 0. 5680 - 1 and then determine the antilog 
which IS 3.698 x 10“^ 


Q-42 Find the cube root of 389200, that is: 


A-42 a) log 389200 = 5.5901 

b) = 1.8634 

c) antilog 1. 8634 = 73.01 


Q-43 Find 
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A-43 a) log 1 976 = 0 2958 

b) -I - -- = 0 0493 

c) antilog 0 0493 = 1 120 


Q-44 Find (0.000781) ^ that IS 


'0 000781 


A-44 a) log 0 000781 = 0 8927 + (-4) 

b) = -1 5537 

c) antilog (-1 5537) =antilog (0.4463 -2) 

= 2 794 X 10-2 
= 0 02794 




PART II: The Slide Rule 


S-l While numbers may be multiplied and divided by using logs, the slide rule is a still more 
convenient way to carry out these operations. For this part of the program you will need a 
slide rule which has C, D, L, A and K scales The relative positions of these scales on the 
slide rule are: 



- - - 

Q-l Find the C, D, L, A, and K scales on 

your slide rule. 

A-1 

See S-l for correct positions 


S-2 

The number 1 on the extreme left or right of the K, A, C, and D scales are called the index 
lines. 

i 

Q-2 Find the index lines on your slide rule. 

A-2 

Se0 S-l* 

Q-3 Find the movable hairline. Set the right 
index line of the C scale on the number 

4 of the D scale. 

t*H»l#«HI»*i*******)n**MIP*W>«****i***MW****»*«**«i**«l«»»*W*»»*****«*«*»***** ***** 
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S-3 The L scale is a linear scale, i e , it is divided into ten equal linear parts, which are fur- 
ther subdivided The L scale gives a direct reading of the logarithm of the number directly 
above it on the D scale For example, if you set the hairline at two on the D scale, the 
reading on the L scale is 0 303 which is the logarithm of 2 0 



Find the logarithm of 5 and of 7 


S-4 To find the antilog of a number, simply reverse the process of finding the logarithm Thus, 
to find the antilog of 0 538, set the hairline at 0 538 on the L scale and read the antilog on 
the D scale 


A-5 a) 1 71 b) 2.41 


A-6 a) 3 65 b) 6 62 


Q-5 Find the antilog of 

a) 0.232 b) 0 381 


Q-6 Find the antilog of- 

a) 0.562 b) 0.821 



S-5 To find the logarithm of a number less than one or greater than ten, express the number In 
scientific notation The log of the unit number is read off the slide rule as before. 


J ^ — -1 

— 

Q-7 Using your slide rule, find the log of: 
a) 373.0 b) 0.000067 

A-7 a) log 373 0 = log 3. 73 x 10^ 

= 0 572 + 2 
= 2 572 

b) log 0 000067 = log 6. 7 X 10-5 

* 0.826 - 5 i 

* -4.174 i 

Q-8 Using your slide rule, find the antilog of: 
a) 2.820 b) -3.914 

( 

A-8 a) antilog 2, 820 = antilog (2 +0 820) i 

= 6.61x102 i 

b) antilog -3. 914 = antilog (-4 +0. 086) i 
= 1.219x10-'* 

L 


S-6 Because of the relationship between the linear L scale and theC andD scales, one must con- 
clude that the C, D scales are logarithmic scales. Note that the linear distance between Uie 
numbers one and two on the D scale is much greater than the linear distance between the 
numbers three and four To multiply two numbers by slide rule, add a portion of the loga- 
rithmic C scale to the logarithmic D scale. For exam^e, to multiply 2x3, add two log units 
of the C scale to three log units of the D scale: * 



D scate 3 4 5 6 


The sum of this addition is read on the D scale directly below the 2 on the C scale. 
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: Q-9 Using your slide rule, multiply the fol- 
1 lowing 

1 a) 1 50 x 3 0 b) 3 1x2 1 

A-9 a) 4 5 b) 6 5 

j Q-10 Using your slide rule, multiply the fol- 
i lowing 

; a) 3 8x2 1 b) 2 11x4.0 

A-10 a) 8 0 b) 8.4 

: Q-11 Usir^ your slide rule, multiply the fol- 
: lowing 

: a) 4 5x 1 2 b) 1.8 x 3.7 

A-11 a) 5 4 b) 6 7 



S-7 What happens if larger numbers are multiplied, for example (2x6)? If the left index line 
of the C scale is set at 6 on the D scale, the number 2 on the C scale is beyond the end of 
the D scale. This is because the D scale reads from one to ten and the product of 6 x 2 
is 12 which IS greater than ten If an additional D scale could be added to the right of the 
one on the rule, then the answer could be read directly because the added D scale would 


read from ten to one hundred. The same thing can be accomplished, however, by placing 
the right hand index line of the C scale on the number 6 of the D scale and placing the hair- 
line on the number 2 of the C scale The answer twelve is then read on the D scale 



• 

t 

Q-12 

Using your slide rule, multiply the fol- 
lowing. 





a) 5 0x3.0 b) 6. Ox 7.0 

A-12 

a) 15 

b) 42 \ 

Q-13 

Using your slide rule, multiply tiie fol- 
lowing. 





a) 9.30x7.00 b) 8.10x3.20 

A-13 

a) 65.1 

b) 25. 9 \ 

Q-14 

Using your slide rule, multiply the fol- 
lowing. 





a) 8.50 x 6.80 b) 5.46x6.35 

A-.14 

a) 57.8 

b) 34. 6 \ 




S-8 Very large numbers can be multiplied on the slide rule by first rewriting them in scientific 
notation. The unit number portion of the number is then multiplied as before. Thus, 3,280 x 
482 becomes 3.280 x 10® x 4.62 x 10®, and the answer fcwind on the slide rule is 152. Knowing 
that 3 X 4 is 12, the correct answer for 3.28 x 4. 62 must be 15. 2. Multiplying the exponen- 
tial numbers, 10* x 10®, gives the final answer of 15.2 x 10* In summary then, to multiply 
very large (or small) numbers, the numbers are expressed in scientific notation; then the 
unit numbers are multiplied on the slide rule and the powers of ten are added. (The slide 
rule does not give the location of the decimal point in the answer, ) 
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Q-15 

Using your slide rule, multiply the fol- 
lowing. 

a) 3 970 X 97. 2 b) 0. 0124 x 58 2 

A-15 a) 

3 86 X 102 

b) 7 22 X 10-1 

Q-16 

Using your slide rule, multiply the fol- 
lowing. 

a) 422 x 89,500 b) 0. 00218 x 

0.00312 

A-16 a) 

3 77 X 10^ 

b) 6.80x10-6 




S-9 To divide two numbers, logarithms are subtracted. Therefore, to divide two numbers on the 
slide rule, the number on the C scale is subtracted from the number on the D scale, i.e., the 
divisor on the C scale is subtracted from the dividend on the D scale. Consider first a divi- 
sion in which the divisor is smaller than the dividend, e. g., 28/2. 0. Set the hairline on the 
28 of the D scale Subtract the log of 2.0 from this number by placing the 2 of the C scale 
under the hairline (the 2 should be directly above the 28) Read the answer 14 on the D scale 
directly below the left hand index line of tihie C scale 


Q-17 Using your slide rule, divide the follow- 
ing. 

a) 32/2.0 b) 49.6/4.10 






A-17 a) 16 b) 12.1 


A-18 a) 26.1 b) 38.3 


I Q-18 Using your slide rule, divide the follow- 
i ing- 

i a) 78.2/3.00 b) 87.4/1.50 

I 

{ ■■■■■■ 


S-10 Now consider a division in which the divisor is larger than the dividend, e.g., 8.0/9.0. When 
the hairline is placed over the 8 on the D scale and the 9 of the C scale is placed uiKier the 
hairline (the 9 should be directly above the 8), the left hand index line on the C scale is be- 
yond the end of the D scale. The right hand index line of the C scale, however, is on the D 
scale at 890. The answer must be slightly less than one (8/9 is less than one) so the correct 
answer must be 0. 89. 


I Q-19 Using your slide rule, divide the follow- 
s ing. 


a) 87/9.0 


b) 6.1/9.54 




A-19 a) 9.7 


b) 0.64 I Q-20 Divide the following. 

I a) 13.4/8.70 b) 91.4/97.6. 


A-20 a) 1. 54 


b) 0.936 


i 
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A-33 a) 5 3 


b) 3 80 


S-14 


To find square roots of numbers which do not fall within the range one to one hundred, e g , 
127, express the number exponentially in such a way that the numerical portion of the num- 
ber lies between one and one hundred and that the exponent is an even number For 127, 
express the number as 1 27 x 10= (not as 12 7 x lOS for even though 12. 7 is between 1 and 
100, the exponent is odd) Next find the square root of 1 27 on the slide rule and divide the 
exponent by the degree of the root 


-71.27 X 102 = 1 13 X 101 


Q-34 Using your slide rule, find the square 
root of* 


II 


a) 181 


b) 9720 


A-34 a) 13. 5 


b) 98 6 


. Q-3 5 Using your slide rule, find the square 
; root of* 


a) 0 00310 


b) 0.0762 


A-35 a) 5. 57 x lO"* 


b) 0,276 


j Q-36 Using your slide rule, find the square 
: root of 


a) 49,700 


b) 6. 02 X 102» 


A-S6 a) 2.23x10* 


b) 7.76X 10“ 


S-15 To square a number, merely reverse the process of finding the square root. For example, 
to square 4, set the hairline on 4 of the D scale and read the answer 16 on the second cycle 
of the A scale. For numbers greater than ten or less than one, express the number in sci- 
entific notation, then square the unit number on the slide rule and double the power of ten: 


1020* = (1.02 X 10*)* 

= 1. 04 (from slide rule) x 10® 
0.00831* = (8.31 X 10-®)* 

= 69. 1 (from slide rule) x 10“® 


A-87 a) 25 b) 81 


i Q-37 Using the slide rule, square the follow- 
I in^ numbers. 

I a) 5.0 b) 9.0 

; Q-38 Using the slide rule, square the follow- 
i ing numbers. 

! a) 4.22 b) 8.10 

III I If ii r i ri-i | |n i Kirr i iT'Tf- t — — 

« 

• 

f Q-39 Using the slide nae^ mjuare the follow- 
i ing numbers. 

I a) 43.0 b) 96.6 

. 1 

b) 93.3x10* I Q-40 Using the slide rule, square the follow - 
I ing numbers. 

a) 0,0810 b) 0.123 


A-38 a) 17. 8 


A-39 a) 18. § X 10^ 


b) 9.61 
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A-40 a.) 65 6 X 10"^ b) 1 51 x 10"® 

Q-41 Using the slide rule, square the follow- 
ing numbers. 

a) 14,200 b) 760 

A-41 a) 2 02 X 10® b) 57 8 x 10^ 

Q-42 Using the slide rule, square the follow- 
ing numbers. 

a) 0 0000131 b) 0.000457 

A-42 a) 1 72 X 10-^® b) 20 9 x lO"® 



S-16 To find the cube root of a number, the log of the number must be divided by three. On the 
slide rule, the K scale is a three cycle log scale. The first cycle goes from one to ten, the 
second from ten to one hundred, and the third from one hundred to one thousand. Each linear 
unit on the K scale is exactly one third a linear unit on the D scale, i. e., the distance in cm 
between the two and three on the K scale is exactly one third the distance in cm between the 
two and three on the D scale When the hairline is on the number 8 of the K scale (first cycle), 
the cube root will be under the hairline on the D scale (2). To find the cube root of 27, place 
the hairline on the 27 of the Kscale (second cycle) and find the number 3 beneath the hairline 
on the D scale To find the cube root of the number 125, place the hairline on the 125 of the 
K scale (third cycle) and find the number 5 beneath the hairline on the D scale. To find the 
cube roots of numbers larger than 1000 or smaller than 1, express the number exponentially 
so that the numerical portion is between 1 and 1000 and the exponent of 10 is a multiple of 3 . 
Then find the cube root of the numerical portion from the slide fule and divide the exponent 
by three For example, to find the cube root of 1270, first express it as 1. 270 x 10® (not as 
12.70 X 10® or 127 0 x 10^ because the exponent is not a multiple of 3). Find the cube root of 
1. 27 (1 08) and divide the exponent by 3. The answer is 1. 08 x 10^ 




: Q-43 Using your slide rule, find the cube root 
\ of. 


a) 12.7 


b) 932 




A-43 a) 2. 33 


b) 9 77 • Q-44 Using your slide rule, find the cube root 

1 of: 

I a) 1.51 b) 631 

* 


A-44 a) 1. 147 


b) 8.58 




A-45 a) 15.90 


b) 46.0 


! Q-45 Using your slide rule, find the cube root 

i of: 

» 

a) 4020 b) 98,000 

! Q-46 Using your slide rule, find the cube root 
: of: 


a) 0.0033 


b) 0.000067 




A-46 a) 0.1488 


b) 0.0406 


: Q-47 Using your slide rule, find the cube root 
: of: 


1 2.3xl0-< 

2 • 


A-47 2. 3 X 10-< * 230 x 10-® 

(230x l0-«)3 = 6.13X 10-® 
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S-17 To cube a number, reverse the process of finding cube roots To cube 6, for example, set 
the hairline on 6 of the D scale and read the answer, 216, on the third cycle of the K scale. 
To cube numbers larger than ten or less than one, express the number exponentially, cube 
the numerical portion and multiply the exponent by 3 For example 

(0.0031)3 = (3 1 X 10-3)3 

= 29, 8 (from slide rule) x 10"3 


Q-48 Using your slide rule, cube the following 
numbers 


a) 3 80 


b) 6.20 


A-48 a) 54. 9 


b) 240 


Q-49 Using your slide rule, cube the following 
numbers. 


a) 31 2 


b) 15,200 


A-49 a) 30.4x103 


b) 3. 51 X 10^3 j Q_5o Using your slide rule, cube the following 
; numbers 


I a) 0.0230 

> 


b) 0 0000720 


A-50 a) 1.22x10-3 


b) 3.73 X 10“*3 I Q_5i Using your slide rule, carry out the in- 
i' dicated operations 

i a) (0.0022)3 b) (97,600)^ 


A-51 a) 0.13 


b) 312.4 


i Q-52 Carry out the indicated operations. 


a) (23.20)3 


b) 4^0. 00321 


A- 52 a) 538 


b) 0.0566 


I Q-53 Carry out the indicated operations. 
: a) ^9.76 x 10-33 b) (4,320)3 




A-53 a) 9.88xl0-»3 b) 16.29 


j Q-54 Carry out the indicated operations. 

i a) (97,000,000)3 b) (0.0421)3 

» 


A- 54 a) 9.13x103* b) 0.00177 


! Q-55 Carry out the indicated operations. 
I a) (0.00361)3 b) ^56, OOO 




A-55 a) 4.70x10-3 b) 236.6 • Q-56 Carry out the indicated operations, 

1 a) (42,500)3 b) (0.000078)* 

M 

M 

* 

A~56 a) 1.806x 103 b) 6.08x10-® j Q-57 Carry out the indicated operations. 

I a) (4,580)3 b) (0.000280)* 



$ 

A-57 a) 9. 607 x 10‘® b) 2. 19 x 10-^* I Q-58 Carry out the indicated operations. 

i a) (56,200)^ b) (0.00000120)3 

s 
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A-58 a) 38.30 b) 0 0106 

, Q-59 Carry out the indicated operations 

a) log 10 21 b) antilog 2 312 

A-59 a) 0 0090 + 1 = 1.0090 
b) 205 

Q-60 Carry out the indicated operations 

a) log 0. 00231 b) antilog -2 731 

A-60 a) 0 364 - 3 = -2 636 
b) 0 001858 

’Bo not try to memoriae what 
; msed for a particular (^ration. 

?' ^ the proper scales aM procedure ^ * 

‘ , soivin® a problem {e. $. , t||% ^ 


PART III: Treatment of Experimental Data 


S-l Accuracy is a term used to express the difference between a measured value and the true 
Precision IS a term used to express the difference between a measured value and the 
average value for a series of measurements. For examjde, consider the results obtained by 
three students for the % cobalt in a chemical sample. 


student A 

Student B 

Student C 

10 19 

18.56 

15. 60 

10 21 

18. 55 

18.72 

10 20 

18 58 

5. 68 

10 22 

18 58 

4. 24 


If the true value is 10 20, then Student A obtained accurate and precise results, Student B 
obtained inaccurate but precise results, and Student C obtained neither accurate nor precise 
results. It IS important to recognize that all measurements are inaccurate to some degree. 
The numbers which are used to report measurements should reflect the reliability of the 
measured values and the results from calculations should reflect the precision of the mea- 
surements Thus, if one uses a buret graduated in milliliters with 0.10 ml subdivisions, one 
can estimate reliably to 0.02 ml by interpolation. It would be legitimate to report a reading 
from such an instrument as 10 52 ml, but foolhardy to report the reading is 10.522 ml. All 
numbers which are known reasonably well are said to be significant figures . Thus, the buret 
reading, 10 52, has four significant figures, the last di^t ( 5 ) having a greater uncertainty 
than the other digits. Note that the decimal point does not determine the number of signifi- 
cant figures. 


A-1 a) 5 




b) 5 


c) S 


Q-1 


How many significant figures are there 
in the following numbers? 

a) 100.21 

b) 32.275 

c) 0.872 


Q-2 In each number, indicate the digit 
known with the least reliability. 

a) 1028.1 b) 0.07322 
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A-2 a) 1028 1 


b) 0 07322 ; Q-3 In each number, indicate the digit 

; known with the least reliability. 

I a) 9 37 b) 1.23 X 10^2 


S. ^ 


A-3 a) 9 37 


b) 1.23x1012 


S-2 There are several general rules governing the significance of zeros: 

a) final zeros after a decimal point are significant figures, 

zeros before a decimal point may or may not be significant, e, g., 10,000 may 
^ave from one to four significant figures, the best practice for such numbers is to 
express them exponentially with the numerical portion giving the number of signifi- 
cant figures. For example, to express ten thousand with three significant figures, 
it itaild be written 1. 00 x 10*, 

c) if a number is less than one, zeros following the decimal point are not significant 
but those following the digits would be, e. g. , 

.0.0ftl23iOO, 

not — ' significant 

significant 




I Q-4 Express the following to three significant 
figures 

a) one hundred fifty thousand 

b) ten grams 

c) one thousandth of a cm 


A-4 a) 1.80 X 10* 
bi 10.0 g 

c) 0.00100 cm or 1.00 X 10“* cm 


Q-5 How many significant figures are shown 
in each of the following? 

a) 0.00321 b) 0.070 






A>5 a) 3 


b) % 




A-0 a) 3 


b) do not know 


iBu.ihim M yiL m jul jl*. ^ ujk i*k MiL ikiA SidikJikeUlii hjIAm tMM 

iP WIrlffflPiT wJP WW WPIPKPW "wWWW ’TTv-r-'r’’^ 

A-7 a) 4 

b) 3 (the zero after the decimal Is 
slgnificaiit as the number is 
greater than one. ) 




Q-6 How many significant figures are shown 
in each of the following? 

a) 10,0 b) 100 


Q-7 How many significant figures are shown 
in each of the following? 

a) l.230xl0‘* b) 1.03 
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S-3 When rounding off a number follow these rules 

a) when a number less than five is dropped, the last remaining digit is left unchanged, 

b) when a number more than five is dropped, the last remainmg digit is increased by 
one, 

c) when the number five is dropped and the last remaining digit is even, no change is 
made in this digit, if the last remaining digit is odd, then it is increased by one. 
For example 

9 375 rounded to 9 38 

9 365 rounded to 9 36 


Q-8 Round off the following to four significant 
figures. 

a) 19.223 b) 27.897 

A-8 a) 19.22 b) 27 90 

Q-9 Round off the following to four significant 
figures. 

a) 0.13752 b) 0.29998 

A-9 a) 0.1375 b) 0 3000 

Q-10 Round off the following to four significant 
figures. 

a) 14 215 b) 29.385 

A-10 a) 14.22 b) 29.38 

* 



S-4 


Numerical answers resulting from calculations cannot be more precise than the data used in 
the calculations. Thus, if the numbers 123 and 0. 17 were added, the answer 123, 17 would 
suggest that the quantity is known with reasonable accuracy to ± 1 unit in die hundreddia place. 
Yet the number 123 is uncertain by 1 unit in the units place so that the digits 0. 17 have no 
meaning. If we multiply 1.5 x 0.7, the answer is 1.05. This answer suggests three signifi- 
cant figures, yet the one piece of data (0,7) is known only to one significant figure. The rule 
to follow in addition and subtraction is; 

a) round off the sum or difference to the largest place with uncertainty, e.g. , 

10.789 

- 1.6 

9.189 

but the largest place with a degree of uncertainty is the tenths place. Therefore, 
the answer is rounded off to 9. 2. 


The rule to follow in multiplication and division is: 

b) the final result should contain the same number of significant figures as that num- 
ber in the calculations which has the fewest number of significant figures, e. g. , 

m = 1601 


but the divisor has only two significant figures, therefore, the answer must be re- 
ported as 1. 6 X 103 or 16 x 10*; (15.0)(3001)(3. 1) = 13954. 65 but the fewest number 
of significant figures in any single number used in the calculations was two (3.1) so 
the answer must be expressed as 1.4 x 10* or 14 x 10®. 
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Q-11 Carry out the following process and give 
the answer to the correct number of 
significant figures 

a) 10 375 
+1 23 




A -11 a) 11.605 rounded off to the hundredths 
place ^ 11,80 

b) the original answer of 101, 543 must 
be rounded off to the ten thousand 
place; 100,000 or 10 x 10^ is the 
correct answer. 


b) {lOx 10^) + 123 + 1,420 


Q-12 Carry out the following process and give 
the answer to the correct number of 
significant figures 

a) 17,321 b) 2194 22 

-16 - 1.001 




i 




A- 12 a) 1, 321 rounded off to the unit 
place - 1 

b) 2193, 219 rounded off to the 
hundredth place - 2193. 22 


Q-13 


Carry out the following process and give 
the answer to the correct number of 
significant figures. 


(37.8)(407.6) 

3.1 


b) 


760.0 

22.4 

18.6 

740. 5" ■ 

1000. 6 ] 





A-I3 a) 4970.09032 rounded off to 5.0 X 10» 
because 3. 1 has the least (two) 
number of significant figures, 
b) 0.4278976 rounded off to 0.428 be- 
cause three significant figures are 
the least number of sipificant 
flpres in any number used. 


Q-14 Find the average of the following. 

18.75 

19.63 

17.48 

19.0 

18.31 







Q-1 5 A certain substance weighed 1 . 0652 g 
and had a volume of 0. 872 cm®. What 
was the density of the substance in 
g/cm®? 


A-I4 93,17 

TTOT" 

l«it on© number (19.0) has uncertainty 
in the tenths place; therefore, we must 
round off the sum of the numbers to the 
tenths place, i. e. , 93. 2. The final j 
answer can have only three sipificant | 

fipres and must be written as 18. 6 j 

«.*.*»..»..*.*.«»*..M«**##**«.«»»««»»»»«>‘*»««»»»*«*»*«»»*»*«»»»*»«»«”|*»”*”******''”'**”***''"”*”*”******"*****'’*********“*"****"*"****'* 


^ i 5 ** 1.22158 g/cm* 

but one number (0. 072) has only three 
significant flpres, so the answer must 
be rounded off to 1. 22. 


**»#»#«##«#•*# t#**##*#**********#*!*#**^********"*****' 


Q-16 The density of a liquid was found by 

weighing a volume of the liquid measured 
from a buret. The initial buret reading 
was 0. 02 ml. The final buret reading 
was 10. 38 ml. 'ITie mass of the empty 
flask was 14, 0731 g while the mass of 
the flask plus liquid was 22. 9875 g. 

What is the density of the liquid in g/ml? 
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W H • K « M ■ « « ■ il « ■ « * « a M H WWMHIIIIWM «m WMIW 


a M a NHMa a « Kaa «•«»<••« a a a a « a 


A- 16 volume of liquid- 
10 38 
- 0 02 
10 36 ml 


density = 


8.9144 
10 36 


mass of liquid 
22 9875 
-14 0731 
8. 9144 g 

= 0. 860463 g/ml 


However, one number used in the cal- [ 
culations has only four significant | 

figures, therefore, the density must be j 
given as 0 8605 g/ml. j 

1 


ia«aaaa*aa>auaaw«*a»«a«aawa*aaiaa«iaaawa 


S-5 The last digit in all answers is unreliable to some degree. But to determine how unreliaWe, 
i e , to find the ’’right" answer, the scientist needs to make a large number of measurements 
of the same quantity When the values of these measurements are plotted against the fre- 
quency with which the value was observed, a normal distribution curve (Pig. I) would result: 



Figure I 


: 

I Q-17 Which point on each of the two curves 
I in Pig. I represents the most probable 

I value of the "right" answer? 


* « A w « w 4* iMi « w a M • a ■ • M «M« « < 


M«M iMt MM ttkl WlHI WWM i 


A-17 The highest point on each curve repre- j Q-18 
sents the most probable value of the 
right answer because these values 
are observed most often. 


Which curve in Fig. I reflects fee more 
precise set oi measurements? 




A-18 The solid line curve represents the 

more precise set of measurements for 
it has a smaller range of observed 
values. 


S-6 The breadth of the distribution curve gives a measure of the reliability oi the measurements. 
One way of describing this breadth is by the average deviation . The average deviation is de- 
fined by the formula: 


I ^ - Xj 
n 

where i: indicates a summation of the terms for all values erf i, x la the average value of all 
the measurements, Xiis the value of the i^ measurement, and n is the total number of mea- 
surements. The deviations of fee measured values' from the average are summed up and then 
divided by the number of measurements. For example, the average deviation for the follow- 
ing set of values is computed thusly; 
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^1 

X - X 

10 20 

0 06 

10 11 

0 15 

10 31 

0 05 

10 41 

0 15 

10 26 

0 00 

10.36 

0 10 

10 18 

0.08 

7183 n = 7 

0. 59 


n is an absolute number and can hare any number of significant figures 


y 


71.84 


10.26 


av, dev. = — i li 

n 


0 59 

TT” 


0 08 


The answer should be expressed as 10 26 t 0. 08 


Q-19 Find the average deviation of* 


: 

I 

i 

i 

4 


0 978 
0.899 
0.942 
0 921 
0 895 
0 952 




A-19 S Xi » 5. 587 li » 6 (absolute number 
,, with any number 

5f 0.931 of significant 

figures) 

Sjy-Xit 0.157 

ii ‘-or 


n 


tv. dev. ■ 


a 0.026 

11118 number must be rounded off to 
0. 026 because none of the data are 
accurate in the ten thousandths place. 


Q-20 Find the average deviation for the follow- 
ing determinations of the population of a 
city taken by seven different census 
takers. 

number of people 

10, 980 
10,485 
10,212 
9, 987 
10, 567 
10,855 


I 


A-20 


y - xj 

« _ Sxt _ 73,298 
n 7 

259 

- 10,471 

509 

. rfy-xil 

av, dev. .i. .*1. 

14 

259 

n 

484 

« 286.4 

96 


384 

2,005 

This must be rounded off 
to 286 as iK>ne of the data 
is accurate in the tenths 
place. 
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S-7 


While the average deviation is easy to calculate, it is not as good an estimate of reliability as 
the standard deviation The shape of the normal distribution curve (Fig. I, S-5) is related to 
the standard deviation The larger the standard deviation the more spread out is the curve 
The standard deviation is defined by the formula 


S = 


2 ^ - XyY 

n - 1 


where 3c, x^, and nare the same as defined for average deviation It is important to note that 
each difference is squared and these squared quantities are then summed. For example, to 
find the standard deviation for the following values, proceed as follows- 


Xl 

X - 


(x - Xi)2 

10 20 

0.06 


1 

o 

10 11 

0.15 


22 X 10-3 

10 31 

0.05 


2 X 10-3 

10 41 

0.15 


22 X 10-3 

10 26 

0,00 


^ - 

10 36 

0.10 


10 X 10-3 

10 18 

0 08 


6 X 10-3 

71 83 = Sxi 



66 X 10-3 

X = 10.26 




S = 

2 /2 (X ^ 2 J 

^ 0 066 
6. 000 

= 0.11 


; Q-21 Which of the curves in Fig. I, S-5 
j represents the larger standard deviation? 

- 


A-21 The dashed curve, | Q-22 Find the standard deviation of the follow 

I ing quantities. 

■ 

\ H 

i 0,978 

: 0.899 

; 0. 942 

I 0.921 

■ 0.895 

: 0.952 


A-22 X a: 0,931 


1c " 


Oc - Xi)3 

0.047 


22 X 10-< 

0 032 


10 X 10-< 

0 011 


1.2 X 10-'* 

0.010 


l.Ox 10-< 

0.036 


13 X 10“< 

0,021 


4.4x 10-< 


Z0C-Xi)3 = 

52 X 10^ 

2 

S= y 

/ r (Jf - Xi)3 
n - i 


2 

' V 

/ 52x l0-< . 
5.00 

0.032 


: Q-23 Find the standard deviation for the follow - 
i jng determinations of tlie population of a 

: city taken by seven different census 

; takers. 

! number of people 

. 10,212 

j 10,980 

I 10,485 

5 10,212 

I 9, 987 

I 10. 567 

J 10,855 

f Compare the value of the standard devla- 

I tion with the average deviation calculated 

t ' In A-20. 
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X 

n 

73,298 
“7 — = 

1 X - X J 

^ 

259 

6 71 X 10* 

509 

25 9 X 10* 

14 

0 02 X 10* 

259 

6 71 X 10* 

484 

23 4 X 10* 

96 

0 92 X 10* 

384 

14 7 X 10* 


78 36 x 10* = 78. 4 X 10* 


I Q-24 Method A for the determination of the 
j percent iron in a sample gave the follow- 

: ing results 

: % Fe 

I 12 42 

: 12 48 

j 12.41 

: 12 50 

I 12 40 

; Calculate the standard deviation of the 

• above results 


® = / 


78 4 X 10* 
"TTT — 


= y 13. 1 X 10* = 3. 62 X 102 = 362 



% Fe 

X - Xj^ 

(X - Xi)2 

12 42 

0 02 

0 0004 

12,48 

0.04 

0.002 

12 41 

0.03 

0. 0009 

12. 50 

0.06 

0 004 

12.40 

0.04 

0.002 

62.21 


0 009 

„ 62. 21 
sr 

= 12.44 



S = sj =^002 = 

0.04 


Q-25 Method B for the determination of the 

percent iron in a sample gave the follow- 
ing results. 

% Fe 

10 00 
12.90 
12.98 
9.90 
13.50 

Calculate the standard deviation of the 
above results. 




A-25 % Fe 

5c -Xi 

(X - Xi)2 

10.00 

1.86 

3.46 

12.90 

1.04 

1.08 

12.98 

1.12 

1.25 

9.90 

1.96* 

3.84 

13.50 

1.64 

2.69 

59. 28 


12,32 

« 59, 28 

x * 

= 11,86 



Q-26 Sketch the shape of the normal distribu- 
tion, curves for the determination of per- 
cent Fe by method A and method B 
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S-8 Many times it is convenient to analyze data by a graphic method. This is particularly true if 
the data can be represented by the equation 

y = ax + c 

where a and c are constants and ^ and x are experimentally determined quantities. It is ob- 
vious that a plot of ^ X. should give a linear plot since the equation is that of a straight 
line function. If we wished to evaluate the constants a and c, we would first have to plot the 
data 3i[S X to find the slope of the line (which would be aX and the intercept (which would 
be c). The slope of the line is evaluated according to its mathematical definition: 

a = - h 

X2 - Xi 

where (x^, yj) and (xa, ya) are any two points on the line. The Intercept is simply that point 
where the line crosses the Y-axis (i. e. , at x = 0). 



The functions r and are related by 
the equation; 

r = at. + c 

For the following data, what is the value 
for the slope ^ and the intercept (c) ? 

r t 


1.00 

-2.02 

3.00 

-0.98 

7.00 

+1.07 

9,00 

+1.97 


IMI 


The experimental quantities and o are 
related by the equation; 


log K - pa 

+ log K® 

where o and K* 

are constants. Plot 

the following data and determine the 
value of p and log K® from your grajA 

log K 


4.50 

1.0*1 

6.02 

2. 00 

7.47 

2.98 

9.10 

4.05 


t 


The intercept is read directly off the 
graph as 4, 95 or 5. 0. The slope* is 
determined according to the formula: 
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A-28 The plot of log K vs. a. should look like 
this 



The slope of the line will be^g^ and the ; 
intercept will be log K° . The intercept, j 
as read directly from the graph is 3. 0. | 

The slope must be: j 

■ 

0 = K 2 - log Ki ^ J 5 j 

0-2 - Oi i 


S-9 Since the variables and in the equation in S-8 are experimental values, all the points will 
not he on a single straight line, but will be scattered. The problem then becomes how to 
draw a line through these points so that the line represents the true values of the related 
function. One could draw, bv visual approximation, a straight line falling as close as pos- 
sible to all the points. However, as this is necessarily arbitrary and quite inaccurate, a 
better method would be a statistical one, such as the least mean square method. This 
method employs the principle that the most probable true value of an observed quantity is 
that value for which the sum of the squares of the deviations from it is at a minimum. Thus, 
for the straight line function: 


y « ax + c 

least mean squares enables us to evaluate >the constants a (slope) and c (intercept) quite 
accurately. The slope is defined as: 


where q is: 


and z is: 


q » z (y • x) - (n is the total number of observations) 


z « z(x*) 


(sx)* 


n 


The intercept is found from the equation: 

c » y - ax 
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where y and x are the average values of y and x, respectively. For example, the slope and 
intercept of the following data is found by the least mean square method in the following way 


1 

y X 

X 

_r 

1 80 

1 80 

1 00 

1.00 

3 90 

11 7 

3 00 

9,00 

4 30 

25 8 

6 00 

36.0 

5 70 

42 7 

7 50 

56.2 

7 30 

73 0 

10 00 

100.0 

23 00 

155 0 

27.50 

202.2 


Having set up a table of the computed values required in this method, the values may then be 
substituted into the equations for slope and intercept. To find the slope, divide q by z* 


q = 2(y 


x) .. r 155.0 

n 


(23 00){27. 50) 

5 


r 155.0 - 126.5 * 28.5 


2 r 2 (x2) - = 202 2 - = 202.2 - 151.2 = 51.0 

a r q/z = 0 559 


To find tlie intercept, first find y and x: 



4.60 


- 27 50 

^ 5 


5 50 


intercept (c) = y - ax = 4 60 - (0. 559)(5. 50) 
^ 4,60 - 3.07 = 1.53 


Substituting for a and c in the equation, y = ax + c, gives 

y = (0.559)x + 1.53 


Q-29 By use of the least square method, find 
the slope and intercept of the equation; 

log K a per + log K** 

if the experimental values of a and log K 
are as follows: 


■ 

a 

i 

» 

lOgK 

ff 

! 

5 

M 

« 

4,49 

1.01 

6.02 

2.00 

i 

i 

« 

7.47 

2.98 

i 

i 

• 

9.10 

4.05 


(Hint: first complete the table by finding 
(log K)(cr) and then evaluate q and z; 
finally, find slope q/z and intercept. ) 


** *i«l ^ UK K *» ***,!,*,* ,1 p K pmi ^ K| ^ „ I, ,1 ^ ^ ^ ^ 
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A-29 First complete the table 


logK 

(log K)(a) 

a 


4 49 

4. 54 

1 01 

1 02 

6.02 

12 04 

2 00 

4 00 

7.47 

22.26 

2 98 

8 88 

9 10 

36 86 

4 05 

16 40 

27.08 

75. 70 

10 04 

30 30 


Now to find the slope, evaluate q/z 
q = S (log K)((t) - 
= 75 TO (27 09)(10 04) 



= 2.98 



S-10 Several other important statistical values can be obtained from the squares method. The 
correlation coefficient gives an estimate of how well the data correlates to the straight line 
defined by the least mean squares method. Thus, if all our points fall exactly on the line, 
the correlation coefficient will be one. H the points are completely random on our grajii, 
the correlation coefficient will be zero. 

The correlation coefficient (c. c. ) is defined as. 

c.c, = 

where q and z have the same values as before and for the equation, y ** ax + c, w is defined 

w . sy‘ - !|ii’ 

Consider the data given in S-9. To find the correlation coefficient, the values for ^ z, and 
w need to be computed. In S-9 and s. were evaluated. To find the value of w, and 
y)* must be determined first. 

y f 

1.80 3.24 

8.90 15.2 

4.30 18.5 

5. 70 32. 5 

7.30 53.8 

23.00 122.7 

The correlation coefficient of 0. 97* indicates that the experimental points fall very close to 
the line. 
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Q-30 


A-30 q ■= 7 70 z = 5. 10 

To compute w, find s (log K)^‘ 


log K 

(log K)2 

4.49 

20 2 

6 02 

36 2 

7 47 

55.8 

9.10 

82.8 

27 08 

' 195.0 

S (log K)2 

(SlogK)^ 

r» 


195 0 - 

4 


= 11.7 


Find the correlation coefficient for the 
data given in Q-29. (Hint: first deter- 
mine Slog K and (log K)*, then evaluate 
w. ) 


S-11 Other interesting bits of information which can easily be computed from the data Include the 
standard deviation of points from the line defined by least squares and the standard deviation 
of the slope of the line For example, consider Fig. H: 



Figure n 


The standard deviation of points from the line along the Y-axis (Sy) can be computed from 
the formula* ^ 
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Similarly, the standard deviation of points along the X-axis (S^) can be computed from the 
formula 

Sx = 

The standard deviation of the slope is 




From the information given in S-9 and S-10, die quantities q, z, and w had the values: 


q = 28 5 


51.0 w = 16 9 


Therefore, 

Sy = 


^ 16,9 - 


(28 5)2 
51 0 




5-2 
0. 58 


- = 0 58 
0 58 


s ^ 

X 


51 0 - 

^ 16.9 


5-2 


fzT ~ Vinr “ 7 14 


0.081 = 8 1 X 10-2 


1 0 


Q-31 


A-31 q = 7.70, z = 5 10; w ^ 11 7 


Q-32 


'"TTr - 0 1 


4 - 2 


/„ 7 7 70)2 

Sv = '>1 ~^rnr =0.2 
^ V 4-2 


o.z 


0.2 




0.1 



The first thing to do in the least 
squares determination is to complete 
the taUe: 


d* 

d 

d't 

t 

t* 1 

4 

2.0 

2.4 

1.2 

1.4 1 

16 

4.0 

7.2 

1.8 

3.2 ■ 

36 

6.0 

26 

4.4 

19 1 

64 

8.0 

46 

5.8 

34 ! 


20.0 

82 

13.2 

58 1 


Calculate Sx, Sy 
given in Q-29. 

and SjL tor the data 

For the following data, make a plot and 
determine these quantities- slope, inter 

cept, correlation coefficient, Sx, 

Use the least squares method for all 

calculations 

t 

time (hr) 

distance (mi) 

2.0 

1.2 

4.0 

1.8 

6 0 

4.4 

8.0 

5.8 


(Hint- first prepare a table of d®, d • t, 
and t2. ) 
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Next evaluate q, z, and w 

, . 82 - = 16 
^ 4.00 


z = 58 


w = 120 


(13 2)2 
4 

(20)2 


= 14 


= 20 


n 1 

slope = -li = YX = 1 1 mi/hr (average 

^ velocity) 

intercept = d - (slope) (t) 

= 5 - (1.1)(3 3) = 1.4 mi 
■/ T' o ^ " (distance 

_!/_flS!-. 0 96 att = 0) 


c. c = 






(i4jM 


14 - 


162 

w 


20 - 


14 


= 0. 77 hr 


= 0 92 mi 


Make a plot for the following data and 
determine by the least squares method 

the slope, intercept, 

correlation coeffi 

cient, ^y * ^a 

velocity (mile/min) 

time (min) 

3.90 

1 00 

2. 25 

1. 50 

3.65 

3. 50 

1.25 

4.00 

0.60 

5.00 


Sa = 2 = 0 25 mi/hr 

sTlT 



The first thing to do in the least squares 
determination is to complete the table: 


V2 

V 

vt 

t 

JL 

"is 2 

3.90 

3.90 

l.OO 

1.0 

5.1 

2.25 

3.38 

1.50 

2.2 

13.3 

3.65 

12.8 

3.50 

12.2 

1 6 

1 25 

5. 00 

4. 00 

16.0 

0 4 

0.60 

3.0 

5.00 

25.0 

35.6 

11.65 

28.1 

15 00 

56.4 

V = 2. 

33 

1 = 3. 

00 



Then evaluate q, z, and w 


q = 28. 1 - 
z = 56.4 - 


(11. 65) (15. 00) 
— SHJC — 


(15. 00)2 
"“Otr 


11.4 


6.9 


w = 35.6 


(11.65)2 


8.5 


I 


i 




slope = = ^54- » -0. 60 mi/min2 

^ * (deceleration) 
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intercept = T - (slope)Ity 

= 2 33 -(-0 60)(3 00) 

= 4. 1 mi/min (velocity at 



S-l When reporting quantitative measurements of physical quantities it is essential to give the 
unit of measurement. Numbers by themselves have little meaning and it is necessary to add 
a unit to a numerical answer in order to make it useful. Besides being necessary to com- 
plete an answer, units are very helpful in the solution of a large number of problems en- 
countered in all the natural sciences. This part of the programmed text will endeavor to 
teach how to solve certain types of problems by the Unit Conversion Method . The problems 
which you will be asked to do are not significant but the method of solving the problem is 
very significant. Even thou^di you may be able to do some of these problems in your head, 
write out each answer using the Unit Conversion Method . The following conversion units 
should be c<anmitted to memory: 

10* Angstroms (A) ■ 1 cm’ 12 in = 1 ft 2000 lb = 1 T 

10 mm ■ I cm 3 ft = 1 yd 454 g = 1 lb 

100 cm « 1 meter 5280 ft « 1 mi 1000 g = 1 kg 

2. 54 cm ■> 1 in 16 os » 1 lb 
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The unit conversion, method involves the multiplication of the starting data a ratio that is 
equivalent lo unity. This ratio is referred to as the unity factor. The unity factor must 
have a umt wnich will convert the unit of the starting data to a new unit . The unity factors 
are derived from known identities or equivalents. For example, since 1 mile 5280 feet, 
the ratios 5280 ft/l mile and 1 mile/5280 ft are equivalent to unity To convert 10 0 miles 
to feet, multiply 10 0 miles by the unity factor, 5280 ft/1 mi, which will convert miles to 
feet 

10 O-atHh 5280 ft ^ 
l^SH- 

Note that it 10, 0 miles had been multiplied by the unity factor 1 mi; 5280 ft, the units would 
not have cancelled 

10.0 mi 1 mi 10 0 mi® 

5280 ft ' 5280 ft ~ 


Use the unity factoi 

2. 54 cm 
1 in 

1 8 in 2, 54 cm /i^N/n c,(\ 


Use the unity factor, 

16 oz 
1 lb 

1544^ I 16 oz (154)(16) oz 

= j 


Convert 16 in to cm. 


« A W Kl ^ « It » » » W « * M 


Convert 154 lb to oz. 


Convert 17 lb to g. 




Use the unity factor; 


454 g 

~nB 


174^ 454 g (17)(454) g 

= """1 ' ^ 


oeveral steps may be necessary in order to develop the required unit In the answer, Thus 
to convert 16 mi to in the following unity factors must be used: 


5280 ft 
1 mi 


1 mi 

■525oir 


1 ft 

ITE 


12 in 

TfT 


unity factor is used that will cause the preceding units to be can- 
celled. The first conversion required is: 

I 5280 ft _ {10)(528O) ft 

I i-Bfti- r 

while the second step is: 

(16)(5280)4t- I 12 in (16)(5280)(12) in 


These two steps can be done more conveniently as follows: 
le -Bftt- I 5280 jt- I 12 in ( 16 )( 8 a 80 ){t 2 ) to 
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Q-4 Convert 70 ft to cm 

A-4 Use tt 

12 in 

1 ft 

704t- ; 

le unity factors 

and 2 54 '=■“ 

1 in 

12«- 2,54 cm _ (70)(12)(2 54) cm 

Q-5 Convert 150 ft to A, 


1 #- 1 «i- 1 

A-5 Use th 

12 in 

1 ft 

150 

le unity factors 

2 54 cm . j 1 0 A 

1 m ““ 

12 1ft- 2 54-6flfv 1 0 A 

Q-6 Convert 12 yd2 to meter2 

- 

1-ft Im- 10"2-<5mr 

)(12)(2. 54)(1.0)A 

1 X 10-2 

A-6 Use th 
(36)2 , 
(1)’ yd 

,e unity factors 

n 2 2 542 cm 2 ineter2 

— ana — ^ — - — ana— ;; — - 

[2 l2 in2 (100)2 cm2 

(36)2 -ift? (2.54)2 «»i. 2 12 meter2 

Q-7 Find the mass of a piece of aluminum 

3 in X 6 5 in X 1/8 in if the density of 
aluminum is 2 702 g per cm2, (The 
chemical symbol for aluminiun is A1 ) 

= 02) 

l^yd.2 ] l24n2 (100)2 .OBfti 

1(36)2(2. 54)2 meter2 
(100)^ 

A-7 Use the unity factors. 

(2. 54)2 2, 702 g aluminum 

1^ in^ 1^ cm2 aluminum 

Q-8 A car is traveling at a rate of 60 mi/hr. 
What is the rate of travel in k per hour ? 


3 x 6 5 x 1/84*^ aluminum 

2 , 542 -eflfi? aluminum 

2. 702 g aluminum 


1 4b^ aluminum 

l-oflft)^ aluminum 


= {3}(6. 5)(l/8){2. 54)®(2. 702) g aluminum 






60 »i 15280 -ft- 

12 4ft- 

2.54 «i»- 

108 A 

i lir 1 flAi- 

14*. 

1 4ft- 



rate « («0)(S280)(12)(2.54)(108)A 


Q-9 If a measuring worm traveled at the 

rate of 45 ft an hour, what was its rate 
of travel in ft/sec ? 




A-9 In this problem the denominator must 
be converted. 


45 ft 

14mp 

1 wt 4 w 

til TnronTir 

1 "^' ’ 

60 sfSfr 

60 sec 


rato 45 ft 
= (60)(60) sec 


: Q-10 If a car travels at a rate of 30 mi/hr, 

} what is its rate of travel in cm/sec? 

: (Hint: convert the numerator from mi 

j to cm, then convert the denominator 

I from hr to sec. ) 
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A-10 30-gHh 1 5280# I 12-tft I 2,54 cm 
1-jw 1 -HH- 1-ft 1 r« 


(30i(5280)(12)(2.54) cm 

TeoTteo) sec 


14» I 

60 -jjftinr I 60 sec 
• Q-11 




54 ) cm ; Q-11 A patient Is to receive a certain medica- 

sec i tion at a dosage of 1. 2 g jxn Kg of body 

: weight. If the p*itient weighs 183 ib, 

1 how many grams of medication should 

! he receive? 


183 4fe- 

454 -g- 


1 2 g medication \ Q-12 


l4b-| 

i 

8 

ots 

l-«^bodywt ; 


(183)(454)(1.2) 
dosage (lOoo) 


AA fcIliV ^ ’If « ■!*<*« wm » » 'w »,• » n % 

3, 2 lb per cubic ft {ft’), what is the 
density In g per cm’^ 


* % 

m 

A-12 3 24te-!454 gl 1-ft? I 14r3 1 Q-13 The Star nearest earth Is 4. 3 light years 


454 g 

1-tt? l.«t? 

i Q-13 

14b- 

12’-»’ 1 (2.54)* (cm)^ 

« 

e 

• 

• 

. , (3 

2) (454) g 

« 

a 

• 

• 


*(2.54)* cm* 

■ 

e 

• 

» 


away {the distance light travels in one 
year). If light travels at the rate of 
3' 10’** cm sec, how many Angstroms 
away is this nearest star? (Hint; con- 
vert light years to light days to light 
hours, etc. ) 


# 

■ •MM MMMMMMMMMMHMNMHMMaWMMMMHMMa MMMMM M «« (| •»***•»*»««*•*«**«*''*"*'•*♦ ^^^^ * <^* **♦**»*****'* ** 

I 


A-13 4. 


SOS Ught-day fr 24 -light-hewys- 60 6Q4igh<H»w> 

1 light y e ar 1 light 1 I l i f t h t m4 « 

(4.3)(365)(24)(60)(60)(3)(10>o)(108)A 


3 • 10»W[ !0«A 

I i ijtslA l ) rfJi iitA 


distance = (4.3)(365)(24)(60)(60)(3)(10"')(108)A 

I Q-14 A box 6" X 8" x 10" is completely filled 
1 with a liquid whose density is I 27 g per 

f cm*. What will be the mass, in pounds, 

i of the liquid filling the box? '**’ 

A-14 6 X 8 X 10 w3 (2. S4)’o«’ 1. 27 -g 1 lb | 0-15 A certain iron ore contains 8T iron. 

l’4ft^ 454f I Assuming lOOT recovery, how many 

BAKit., 1 tons of this ore would be required to 

mass = mwm.mu il) lb 2 5 Kg 0, ,„7, 


(6)(8)(10)(2.54)>(1.27)lb 

TCiZBB - 




A-15 2.5 




lOOO-a-ieen | 141»4eoft- {l004lir-eee>i 1 T ore 


1-K§4ste»- |454-g4i>0ft!S4br4^ i20004b-e#e> 


mmmm 

teMMO) 


IM ««« M ««#««#« IMie^iMWaWIMINIlH 


Q.16 


A solution whose density was 0. 800 g 
per cm’ ctmtained 2% (1^ weight) glucose. 
How many grama of glucose was con- 
tained in 17, 2 liters of this solution’’ 

(1 liter » 1000 cm*) 






g of glucose a 


))(0.890)(2. 
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Chapter 2 


STOICHIOMETRY 


Part I: Formulas, Atomic Weight, Molecular Weight, and Moles 

After completing this section you should be able to 

a) calculate the percentage composition, molecular weight, and the empirical and 
molecular formula of a compound 

b) compute the number of moles in a given mass of an element or compound 

c) calculate the approximate atomic weight of an element from its specific heat. 

Part II- Equations 

After completing this section you should be able to 

a) balance oxidation-reduction equations 

b) determine the relative number of moles and the relative masses ot reactants and 
products in a reaction. 


Part III: Concentrations of Solutions 

After completing this section you should be able to 

a) calculate the molarity of solutions 

b) calculate the molality of solutions 

c) calculate the percent solute in a solution 

d) calculate the pfX] of a solution. 

Partly- Reactions in Solution 

After completing this section you should be able to 

a) calculate the volume of solutions needed for reactions 

b) calculate the volume of gases produced in reactions. 

Part V: Li miting Reagent and Percent Yield 

After completing this section you should be able to 

a) determine the limiting reagent in a reaction 

b) calculate the percent yield of a reaction. 
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PART I: Formulas, Atomic Weight, Molecular Weight, and Moles 


S-l According to modern atomic theory, the chemical elements are composed of small, chem- 
ically discrete particles called atoms The atoms of different elements have different 
chemical properties Atoms of the same element or different elements may combine in 
certain simple ratios to form discrete particles called molecules Atoms may combine in 
more than one ratio to form more than one kind of molecule 


A-1 


■ 

; Q-1 The molecule carbon dioxide, which has 
: the formula CO2, is composed of carbon 

j and oxygen atoms. How many atoms of 

s each element are present in each mole- 

: cule of carbon dioxide? 


Two atoms of oxygen and one atom of 
carbon. 


li 

I Q-2 If two atoms of hydrogen and one atom 
j of oxygen combine, what is the formula 

j of the molecule formed? 




A-2 H2O 


A-3 CO carbon monoxide 

CO2 carbon dioxide 

C3O2 carbon suboxide 


M 

* 

i 

i Q-3 Carbon and oxygen atoms may combine 
j to form at least three different com - 

j pounds where the carbon atom to oxygen 

I atom ratios are 1:1, 1:2, and 3:2. What 

j is the formula of the molecule in each of 

I the compounds? 

■ 

I 

* 


S-2 


The weight of each element present in a sample of a compound may be determined by ana- 
lytical procedures It is common to express this weight in terms of percent. This is known 
as percentage composition 


% composition = 


mass of element in sample 
total mass of sample * 




Q-4 A 0. 500 gram sample of a compound was 
found to contain 0. 200 grams of potas- 
sium (K). What is the percent of potas- 
sium in the sample? 






A-4 


0. 200 g of K 
0. 5o0 g of sample 


X 


100 = 40.0% 


Q-5 



A 1 . 237 gram sample of compound was 
found to contain 0. 763 grams of pal- 
ladium (Pd). What is the percent of 
palladium in the sample? 


A- 5 


0 763 g of Pd 
i. 237 g of sample 


X 100 = 61.8% 


Q-6 A 0.325 gram sample (rf 

contained 15.0% calcium (Ct). WJat Is 
the mass of calcium in the sample? 
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15 0 g Ca 

Q-7 A 1 346 gram sample of some compound 
contained 34 8% vanadium (V) What is 
the mass of vanadium in the sample? 

jrV"*U w« OjUv) ^ ULixxijpiC 

= 0. 0488 g 

TOO g -sample 

Ca 


34.8 g V 

. : eJl*i 

I X » V *0 uu«xixjpx V 1 

i 

= 0. 468 g 

166 g- oampk" 

V 



S-3 Every pure compound always contains definite, constant proportions or relative masses of 
the elements of which it is composed. This statement is known as the Law of Definite Com - 
position . 


Q-8 How will the percent of each element in 
a 10. 0 gram sample of compound X com- 
pare with the percent of each element in 
a 30. 0 gram sample of the same com- 
pound? 


A-8 The percent of each element in the two i Q-9 
samples of compound X will be the j 


same. 


Why will the percent of each element in 
the two samples of compound X from 
Q-8 be the same? 


The percentaiie composition in each 
molecule is the same. Increasing the 
number of molecules will not change 
the ratio of the atoms or percentage 
composition of the molecule. 


A~9 The percentage composition in each : Q-10 A sample of carbon dioxide contains 

3.0 grams of carbon and 8. 0 grams of 
oxygen How much oxygen will a sample 
of carbon dioxide contain which contains 

10.0 grams of carbon? 

Q-11 A sample of sodium chloride (NaCl) 

contains 2. 0 grams of Na and 3, 0 grams 
of Cl. What percents^e of the mass of 
the sodium chloride is sodium ? 


A-io lo-s-e 


8.0 

1 


* 27 g oxygen 


0 


A**!! 


2. 0 g Na 
S.Qgg 
l. d g total 

2. 0 g Na 

TtgW 


f 


X 100 « 40% Na 


Q-12 A sample of lithium chloride (LiCl) con- 
tains 17% lithium by weight. If 10, 0 
grams of Li are allowed to react with an 
excess of chlorine to form LiCl, what 
mass of chlorine will combine with the 
10. 0 grams of Li? 




A~13 


100% Consider 100 grams of com- 
-17% Li pound: 17 grams of Li com- 
“HSflSr bine with 83 grams of CL 


10«-&i- 83gCl 

— ' TTgXI" 


- 49 gO 

(amount which com- 
bines with 10.0 g li) 
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S-4 Whenever two elements combine to produce more thun one kind of compound, the relative 
masses of the one element which combine with a fixed mass of the second element may be 
expressed in a ratio of small whole numbers. This statement is known as the Law of Mut - 
tiple Proportions 






: Q-13 Is the formula CiglijR/ eonsiatent with 
I the modern atomic theory? Why? 


A-13 No. The molecules of a compound con- \ Q-14 If compound X has the molecular formula 

sist of combinations of whole atoms, ; AB 5 and compound Y has the molecular 

never fractions of atoms ! formula AjBn, show that Oie ratio of B 

; atoms in the two compounds which com- 

! bine with like numbt'rs of A atoms can 

! be expressed in terms of small whole 

! numbers. 




A-14 Compound X 

1 atom of A per 3 atoms of B 
therefore 

2 atoms of A per 6 atoms of B 
Compound Y 

2 atoms of A per 9 atoms of B 

The ratio of atoms of B combining with 
two atoms of A in compounds X and Y 
IS given as 6'9 or 2:3. 


A- 15 Yes. Since each atom has a definite 
mass, twice the number of atoms of a 
given element would have twice the 
mass. Therefore, the ratio of atoms 
and the ratio of total mass for a given 
element are identical. 


A- 16 In compound I, 


0.72 g B _ , . g B (amount of B 
6. 50 g A " ‘ ^ gX which combines 

with IgA) 

In compound II, 


0.65gB _ 

6 15 g A “ 



Therefore, 

‘■“If 



(amount of B 
which combines 
with IgA) 


I Q-15 The Law of Multiple Proportions is 

• stated in terms of mass. Can we re- 
’s state this law in terms of ratio of atoms'^ 

j Why? 

« 

« 

5 

* 


» 

t 

* 

2 

* 

t 

I Q-16 Elements A and B form two different 
I compounds. !n 1. 0. 50 grams of A are 

1 combined with 0. 72 grams of B; In II, 

2 0. 15 grams of A are combined with 

I 0. 65 grams of B. Show that these data 

t Illustrate the Law of Multiple Proper - 

I tions. 

I Q-17 Ammonia contatna 17. 76% hydrogen and 
I 82. 24% nitrogen. When 3. 77 grams ot 

I hydrogen react with 26 23 grams of 

* nitrogen, 30. 00 grams of hydraaint are 

I formed. Show how these data for am- 

I monla and hydraxlne illustrate the Law 

i of Multiple Proportions. 


I 


The mass of B which combines with 
1 g A in two different compounds can 
be expressed in the ratio of small 
whole mimbers. 
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A- 17 Consider 100 g ammonia 

,g ” = 4 63 

1*7 76 g H gH 

(amount of nitrogen which combines 
with 1 g of hydrogen in ammonia) 

- ' 

: B t#o etww€?*ts ebtobin© to ; 

toan due hted of cQin|x»md, toe tyiAhne 
ntass of one element combined ‘ 

given mass of the other element ^ 

‘ expressed as a ratio- of small ’ 

numbers. \ 

Consider hydrazine 


26.23 g N 0 nc gN 
-OTgTi ' 

' " , ' . 

(amount of nitrogen which combines 
with 1 g of hydrogen in hydrazme) 


3 

4 63 ' 2 



S-5 Atomic weight is defined as the mass of an atom of an element relative to a carbon atom. 
The carbon atom chosen as reference has arbitrarily been assigned an atomic weight of 
12 00000 atomic mass units (amu). 


Q-18 In terms of the arbitrary assignment of 
atomic weight, define one atomic mass 
unit 


A-18 One atomic mass unit is 1/12 of the 
mass of a carbon atom. 




..i, 


Q-19 Carbon and oxygen atoms combine in the 
ratio of I'l in forming carbon monoxide, 
CO. It has been determined experimen- 
tally that 4, 00 grams of oxygen combine 
with 3 00 grams of carbon in forming 
CO. According to these data, what is 
the ratio of the mass of one oxygen atom 
to one carbon atom ? What is the atomic 
weight of oxygen in atomic mass units? 


A-19 


mass of oxygen 
mass of carbon 


4. 00-g^ 4, 


atomic weight oxygen 


4.00 

TW 

4. 00 

TM 


00 

M" 

(atomic 

weight 

carbon) 

( 12,0 amu) 


= 16,0 amu 


Q-20 Carbon and sulfur atoms combine in 
the ratio of 1:2 in forming carbon di 
sulfide, CSj. It has been determined 
experimentally that 16.0 grams of sulfur 
combine with 3. 00 grams of carbon in 
forming CS*. According to these data, 
what is the atomic weight of sulfur in 
atomic mass units? 


s 


>20 mass of sulfur 16,0 -g 16,0 
mass of carbon “ “ 8.06 


mass of one 
sulfur atom 

atomic weight 
of sulfur 


('t)(' 0 ^) atom) 

I Q-21 A 2.00 grsun sample of carbon combines 
I with 0. 670 gram of hydrt^en in forming 

: methane, CH 4 (four atoms of hydrogen 

j to one atom of carbon). According to 

I these data, what is the atomic wel^t of 

! hydrogen in atomic mass units. 


8,00 

XW 


( 12. 0 amu)* 


a 32. 0 amu 
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A-21 mass of hydrogen 0. 670 -g- _ „ ^oc 
mass of carbon 2 00 -g 


A-22 


mass of one hydrogen atom = 
atomic weight of hydrogen = 


(0 335) (mass of one carbon atom) 


= 1 00 amu 


(0 335) (12 0 amu) 

• Q-22 A 0 500 gram sample of nitrogen com- 
2 .niu I bines with 1.14 grams of oxygen in form- 

; ing nitrogen dioxide, NO-. According to 

I these data, what is the atomic weight of 

: nitrogen in atomic mass units. 

1 (Hint- Once the atomic weight of an ele- 

i ment has been found relative to that of 

! carbon, it can bo used as the reference 

; in determining the atomic weight of an 

: element which combines with it. ) 


mass of nitrogen _ 0. 500 g 
mass of oxygen ” 1 14 g 

atomic weight of nitrogen = 


0.439 


14 0 amu 


(0 439) (16.0 amu) 

: Q-23 The atomic weight of an element may be 


A-23 The atomic weight of fluorine is 19.0 
(three significant figures). 


A-24 The atomic weight of sodium is 23. 0 
(three significant figures). 


found in a pt'riodic table (see cover). 
The values listed are in atomir mass 
units. What is the atomic weight of 
fluorine, P? 


Q-24 What is the atomic weight of acxlium, Na? 



S-6 A mole of atoms (referred to as a gram-atom) is defined as the collection of atoms whose 
total mass is the number of grams numerically equal to the atomic weight. 


A-25 107 9 g 


A-26 22, 99 g 


I Q-25 What is the mass of one mole of silver 
I ( 47 Ag)? (Consult the periodic table of 

I elements. ) 

i 

• Q-26 What Is the mass of one mole of sodium 
I (tiNa)? 

t 

! Q-27 How many moles are there In 75. 4 g of 

\ sulfur (,gS)? 




A-27 75, 4-g^ 1 mole S 


» 2. 35 mole S 


I r%i 


I Q^28 By modern experimental techiiliqnee» the 
I mass of one atom can be determined. U 

I the nciass ai one sodium atom has been 

I found to be 3. 82 X 10'**’ how many 

I sodium atoms are contained In one moie 

I ol sodium? 
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A-28 1 Na atom 

22 99-g-Nft- 

3 82 X 10-=^3 

= ( 

1 mole Na 

5 02 X 1023 

mole Na 

A-29 1 atom O 

16 OO-fis-O- 

2, 66 X 10-'^=*-g-^ 

i mole 0 


. 6 02 X 10^3 “2^ 
mole O 


Q-29 If the mass of one oxygen atom has been 
found to be 2 66 x 10"^^ g, how many 
oxygen atoms are contained in 1 mole of 
oxygen atoms'? 



S-7 One mole of atoms (a gram-atom) of any element contains 6 02 x 10^^ atoms of that element. 
This number is known as Avogadro’s number. 


A-30 12 0 g C 

1 mote-€ 

l-flae3te-€ 

6. 02 X 1023 atoms 

= 1 99 X 10 -23 X£_ 
atom 

A-31 30.7-g-Kl 

1 mcrile K] 6.02 x 1023 atoms K 

1 39.1-^! 1 mele-K 

= 4 72 X 1023 atoms of K 

A-32 10.0.g-«*t 

1 mole- Sr 6.02 x 1023atoms Sr 


87.6-gHS«=- 1 mole-fte - 

= 6 87 X 1022 atoms Sr 


Q-30 Knowing that one mole of carbon has a 
mass of 12. 0 grams and contains 
Avogadro’s number of atoms, calculate 
the mass of one atom of carbon*? 


Q-31 How many atoms of potassium (K) are 
there in 30. 7 grams of potassium ? 


Q-32 How many atoms of strontium (Sr) are 
there in 10. 0 grams of strontium? 



S-8 Just as atomic weight is defined as the mass of one atom relative to that of carbon-12, 
molecular weight is defined as the mass of one molecule relative to that of carbon-12. The 
molecular weight of a compound is calculated by adding together the atomic weights of all 
the atoms present in the molecule. This can be expressed mathematically as 

M.W. = Sni(at. wt.)i 

where nj is the number of i atoms, (at wt. )i is the atomic weight of the i*^ atom, and the 
resultant product for each type of atom is summed up over all the atoms present In the 
molecule. (The molecular weight as defined above is sometimes referred to as formula 
weight. ) 

For example: 

ForCOz - M.W. = (l)(12 0) + (2)(16.0) 

» 44.0 

For FesOi -- M.W. = (3)(55. 8) + (4)(16.0) 

» 231.4 


f 


i Q-33 


What is the molecular weight of carbon 
tetrachloride (CCl^)? 
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A-33 M W = (1)(12 0) + (4)(35 5) 
= 154 0 


Q-34 What is the molecular weight of sulfuric 
acid (H2SO4)’ 


A-34 M.W = (2)(1 01) + (1)(32 1) + 4(16 0) 
= 98 1 


Q-35 What IS the molecular weight of alumi- 
num sulfate, Al2(S04)3‘^ 


A-35 M W. = (2)(27 0) + (3)(32 1) -h (12)(16 0) 
= 342 3 


Q-36 What is the molecular weight of Mn{OH)3? 


A-36 M.W = (1)(54 9) + (3}(16 0) -I- (3)(1 01) 
= 105 9 


A-37 M W. = (2)(69.7) + (3)(12.0) + (9)(16.0) 
= 319 4 


Q-37 What is the molecular weight of 
Gas (003)3’ 



S-9 A mole of compound is defined as the collection of molecules whose total mass is the num • 
her of grams numerically equal to the molecular weight 


I Q-38 What is the mass of one mole of chlorine 
: (Clz)? 




A-38 molecular wt. = 2(35.5) 

= 71.0g 


I Q-39 What is the mass of three moles of 
: aluminum bromide (AlBrj)? 








A-39 M.W = 1(27.0) 3(79. 9) = 266.7 
(266. 7)(3) = 800. 1 g 


A-40 From the relationship of a mole of 
atoms to atomic weight and a mole of 
compound to molecular weight, one 
should be able to reason that in every 
mole of compound there is an Avo- 
gadro's number of molecules. 

M.W. = 12.0 -t- (2)(32 1) = 76.2 g 

76.2 gCS2 I 

1 - mot e e Ss 6. 02 x lO^ motecule 


= 1. 26 X 10-22 


molecule 


! Q-40 What is the mass of one molecule of 
1 carbon disulfide (CSj)? 




I Q-41 How many molecules of zinc sulfide 
I (ZnS) are present in SO. I grains of ZnS? 




A-41 50.1 


6. 02 X 10*2 molecules 


3. 09 X 102* molecules 


I Q>42 What is the percent of each element In 
I manganese dioxide CMnO})? 
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A-42 Mass of 1 mole = 54 9 + (2)(16 0) 

= 86 9 g 

"“.2% 

= 1141^=36 8 % 


Q-43 What is the percent of each element in 
sodium thiosulfate (Na2S203)? 


A-43 Mass of 1 mole = 

(2)(23 0) + (2)(32.1) + (3)(16.0) 

= 158 2 g 

-11^^^1^=1 100 = 29 1% 

- Isslgcomp 

=30,3% 


Q-44 A molecule is made up of one atom of 
copper (Cu), two atoms of chromium 
(Cr), and seven atoms of oxygen (O). 
What is the percent of chromium in the 
molecule ? 


A-44 Mass of one mole = 

(1)(63.5) + 2(52 0) + 7(16.0) 

= 279 5 g 

% comp." 300 = 37 2% 


Q-45 In a specific compound, the percent of 
oxygen is 18. 6% There is one mole of 
oxygen atoms (a gram -atom) in each 
mole of the compound. What is the 
molecular weight of the compound? 


A-45 


100 grams of compound contains: 
18, 6 g oxygen 
81. 4 g other atoms 


Q-46 How many moles of hydrogen, j^osphorus 
and oxygen are there in 0. 213 moles of 
phosphoric acid (H3PO4)? 


81. 4 g other atoms 

16.0-g-O- 

18, 6-f-^ 

1 mole comp 


= 70g 


other atoms 


mole comp 
M.W. = 70 + 16 = 86 
This problem can be done in one step: 
100 g comp 1 16- 


lole c 


1 mole comp. 


= 86 g/mole 


IS.e-g-e- 

M.W. = 86 i 

m 

i 

5 Q-47 


A-46 Hydrogen: 


0. 213 mole HgPOi 


3 mole H 
» 0, 639 mole H 


How many moles of Ca and F would a 
samiide of 2. 01 moles of calcium fluoride 
(CaPj) contain? 


Phosphorus: 

0. 213 melo HgPOi 


Cbcygen: 

0.218 molo HgPQi 


1 mole P 
« 0. 213 mole P 
4 mole O 
w 0. 852 mole O 
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e) 0 214 g NaCl x 100 


g total mass sample 


= 95 1% 


A- 53 100 g Fc I 1 mole Fe 


I 55 8-g-Fe- - - 
1 79 - mo le I 6. 02 x 10^® atoms 


1 79 mole Fe 



Q-53 How many grams of hydrogen sulfide 

(H 2 S) contain one half as many molecules 
of H 2 S as there are atoms in 100 grams 
of iron (Fe)’ 


A mole of 

''S' " ‘ 

molecular we^t. . 

^ <^30 mole o{ a 
‘ Avt^aJcIro’s 
<6.02x10^. 


1, 08 X lO^^-ateme- 1 1 mol e H# 34 1 

2 6.02 X 10'^*-ate«i6-’ 1 mel( 


This problem can be done in one step 

100-g-Fe- l-BftekHFe- 6. 02 x 10^^-ftto«»e- 1 

2 55 8-f-Fe- 1 l-mele- TTOS 


30 6 g H 2 S 


34 1 K H,S 


6 02 X lO^^-atofioa 


= 30 6 g HjS 


S-10 The relative number of each kind of atom in a molecule may be calculated from the mass of 
the various atoms in the compound The formula which gives the simplest ratio of the num- 
ber of each kind of atom in a compound is called the empirical formula and may differ from 
the molecular formula. For example, benzene has a molecular formula of CjHg and an 
empirical formula of CH. 




A- 54 NjO* 


Q-54 What is the molecular formula of a mole- 
cule if the empirical formula is NO 2 and 
the molecule contains two nitrogen atoms? 


■ Mm il • » M W N » «« » II « W M M IMi «• M ttM « M « H 




Q-55 What is the empirical formula of a com- 
pound whose molecular formula is CgHi 2 ? 


A- 55 CHa 


Q-56 What is the empirical formula of a com- 
pound for which an analysis gave 0. 326 
mole of A and 0.655 mole of B? 




A- 56 0. 655 mole B 2 mole B 


Therefore, there are twice the number | 
of B atoms as A atoms in the molecule: I 


Q-57 What is the empirical formula of a com- 
pound for which an analysis gave 0. 653 
mole of K, 0.653 mole of Cl, and 
1.306 mole of 0? 




A-57 0.653 mole Cl 1 mole Cl 


1 . 306 mole 0 2 mole 0 


Therefore, twice die number of 0 
atoms as K and Cl: KClOj 


Q-58 The percentage composition of a com- 
pound was found to 20. Ca and 
80. 0% Br. What is its empirical formula? 
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A- 58 Consider 100 grams of compound 


80. 0- g-Br 


1 mole Br 


20.0^-Gfr 


79 

1 mole Ca 


40 l-g-Gft- 


= 1 mole Br 


= 05 mole Ca 


Q -59 TTie percentage composition of a com- 
pound was found to be 15. C and 
84 2% S. What is its empirical formula? 




1 mole Br _ _2 I 

0 5 mole Ca ” 1 : 

M 

• 

Therefore, the empirical formula is j 

CaBr 2 I 

m. 

« 

• 

j Q-60 The percentage composition of a com- 
I pound was found to be 23. 1% Ai, 15. 4% 

! C, and 61. 5% 0. What is the empirical 

; formula? 


A- 59 Consider 100 grams of compound; 


84. 2-g-fr 


1 mole S 


15.8-g^ 


32. 1 g- S-' 
1 mole C 


mole S 


12 , 

2.62 

Tlf^ 1 


= 2. 62 mole S 


= 1 32 mole C 


mole C 

The empirical formula is CS 2 
A-60 Consider 100 grams of compound: 






Q-61 


23 


1 mole Al 


27.0-g-^ 


= 0. 855 mole Al 


1.28 mole C 
Al , : ,. lg^ .|- l . ^S^ ,.3 84moleO 


The percentage composition of a com* 
pound was found to be 85. 8*1. Pb, 16. iy| 
Cr, and 17.7% 0. What is the empirical 
formula of the compound? 


mole C 
mole Al 

mole 0 
mole Al 


1.28 
3 84 


= 1.5 (3for 2 Al) 
= 4. 5 (9 for 2 Al) 


The empirical formula is AI 2 C 3 O#. 

A-61 Consider 100 grams of compound; 

65.8^1 1 mole Pb , . 

I 2 g Fb ' mole Pb 


16.5-g-Ce- 


1 mole Cr 


52. 0 


0.317 mole Cr 


17.7*g-Q- 


* 1.11 mole 0 


0. 317 mole Cr . . 

Tiii mole Pb * ' (2Crfor2Pb) 

1. 11 mole 0 

TSlSmole Pb “ 3-5f70Jor2Pb) 

The empirical formula is PbjCriO,, 




Q.62 


The empirical formula of a compound is 
CHj, Ttie molecular weigh! ta 84. What 
is the molecular formula of the compotmd? 
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s a i i 


A-62 Empirical weight of CHz = 

12 + (2)(1) = 14 

84M.W 
TJeTw" " ° 

Molecular formula. (CH 2 )b = CgHi 2 


wl Wo...l.0/t A^-C. b'ioSr^JaS^ll 


Q-63 A compoundTias an empirical formula of 
HgCl If its molecular weight is 472, 
what IS its molecular formula*? 


A-63 Empirical weight of HgCl ~ 

200. 6 + 35, 5 ^ 236. 1 

472 M.W. « 

236 E.W. “ 

Molecular formula: (HgCl )2 = Hg 2 Cl 2 


Q-64 A compound was found to contain 1 20 
grams of sulfur (S) and 1 30 grams of 
chromium (Cr) What is the empirical 
formula of this compound’ K the mole- 
cular weight of the compound is 600, 
what is the molecular formula’ 




A-64 


1.20frS- 

1 mole S 


52^ i 


0 0374 mole S 


1 • 30-fr^G# 

1 mole Cr 


152. 0'ic-^-r- 


0. 0374 mole S 
O, O2S0 moie Cr 


1 5 


0. 0250 mole Cr 

-| 


Q-65 In a binary compound, a compound which 
contains only two kinds of atoms, the 
number of atoms of hydrogen is 2. 25 
times the number of carbon atoms. One- 
tenth of a mole of the compound weighs 
11,4 grams. What is the molecular 
formula? 


empirical formula: Cr 2 S 3 
emplricai weight: 200 

600 M. W. „ 

266 E. W. ^ 

Molecular formula: {Cr 2 Ss)j » CrgSg 




A-85 ai.4)(I0) 114 g 

empirical formula 
empirical weight « 


= molecular weight 

- CH2 21 CiHg 

57 g ' 


I Q.66 


The percent of nitrogen in a compound is 
20. 0% and there are 2. 00 moles of pltro- 
gen atoms per mole of compound. What 
is the molecular weight of toe compound? 


114 g M.W. 

wjftw ' ^ 

Molecular formula: (CgHjla ■* CgHig 

A>66 100 g of compound contains 20. 0 g of 

nitrogen, Therefore, 


100 


compound 


14.0-rN' 




2 mole M ate m a - (100)(14.0)(2) g compound 1 .. 

1 mole compcB {kO} 'm3iiloSp» “ 



Q-67 When the binary compound X Is decom- 
posed completely, the mass of carbon is 
always ai^roximately 6 times the mass 
of hydrogen. 0. 250 mole of X weighs 
21. 0 grams. What is the molecular 
formula? 
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A-67 Mass of 1 mole of X = (4)(21 0) ^ 84 g 
Out of every 7 parts, 6 parts are car- 
bon and 1 part is hydrogen 




12 0x6 = 72 0gC 


12-g^ 

1 mole H 




72-g-G- 

1 mole C 


12-g-€- 






flHi «Qtpbrical formula ta dm 

of MCh kind ei atom ta • 

fCMWOfii ta niP ipMt 

'if iurli of alQM la ik 

. ***'". *^,^4 

* -ft'' t ) 


S-11 The Law of Dulong and Petit states that the atomic weight of a solid element isapproxi- 
mately equal to 6.3 calories per mole per degree divided by the specific htat of the eiement 
in calories per gram per degree Thus, if the specific heat of an element is 

0 . 274 1 --- , 

g-<ieg ♦ 


6#3 ’■0'flhir 


mole-degwe 



23 g mole 


Q-68 


Determine the approximate atomic weight 
of an element, X. if it has a s|x*t iflc 
heat of 0.053 calories per gram -degree. 


— — 




A -68 Atomic weight = 


6.3-eftl- 

CP .jfi Acc’ir/xgi 

mole-degree- 

0*053 ‘6cil" 


Q-89 


The element chromium (Cr), has a spe- 
cific heal of 0. 122 calories per gram- 
degree. If 3. 121 grams of chromium 
combines with oxygen to form 4. 561 
grams of oxide, what is the approximate 
and exact atomic weight of chromium 
(I mole of O atoms 16. 00 g} 




A-69 Approximate atomic weight of Cr* 


6 3 *' li'Cb’l— ■ 

g -degree- 

mole -degree- 

0 1 9 rt n 1 ■ 


mass of oxygen atoms in sample of oxide 

= 4. 561 g oxide - 3. 121 g Cr 
= 1.440 g 0 in oxide 


Q-70 When 13. 2151 grams of lead (Pbl were 
heated in an excess of air, the resulting 
lead oxide was found to weigh 15. 2560 
grams. If the specific heat of lead is 
0.031 calories per gram -degree, calcu- 
late the approximate atomic weight and 
the exact atomic weight of lead. 


1- 440-g-O-in oxide 

1 mole 0 atoms 

3. 121.g-er in oxide 

’IXW:^ * 

1 mole Cr atoms 


approx. ISL6-g-Gr^ 


0. 090 mole O atoms in oxide sample 


0. 090 mole 0 atoms 
0. 060 mole Cr atoms 


1.5 


empirical formula = CrjOj 
The exact atomic weight of Cr is 


3, 121 g Cr 16 Oif-O-atoras 

3 wolfr O- atoms 

1. 44-g-O- l-rseie-O- atoms 

S mole Cr atoms 
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A-70 


Approximate atomic weight of Pb’ 
6 3-eai- I g ^ e groo 


mole-< 


0 03 1 - eal 


204 g 


mole 


mass of O atoms in sample = 15. 2560 - 13. 2151 = 2 0409 g 

2,0409-|!r^ 1 mole O atoms „ ^ , 

^ r - b ' g o ' = 0 127 mole 0 atoms 

13 2151-fHPfe-l 1 mole Pb atoms „ ...... , _. , 


1 mole Pb atoms 
approx. 204 - g" Pb - 


= 0 0648 mole Pb atoms 


0, 127 mole O atoms 
0 0648 mole Pb atoms 


= 1.96 » 2 


empirical formula = Pb 02 
Exact atomic weight’ 

13 2151gPb| 16.00 


1 mole Pb atoms 


207 8 g Pb 


mole Pb atoms 



PART li: Equations 


S-1 A chemical equation represents a chemical reaction. The reactants are written on the left 
side and the products on the right side of the equation. 


Consider the following chemical equation 
A + B - C + D 

What are the reactants and products in 
this reaction? 


j 


A>1 reactants; A and B 
products; C and D 




A--2 reactants; Ht and Oj 
products; HgO 


Given the following equation* 

2H2 + O2 ■* 2H2O 

What are the reactants and products ? 


I Q-3 Given the following equation; 

I SFe + 4H20 - FeA + 4H2 

s What are the reactants and products ? 


... ^ 
A-3 reactants; Fe, HjO f 


products: FeA* 


S-2 Ths chemical equation, SFe + 4H,0 - Feg 04 4 4Ha, specifies that 3 moles of Fe atoms will 
react with 4 moles of molecules to give 1 mole of PejO* and 4 moles of H 2 molecules. 



f*t‘>n'hiiinu'lrv 


; Q-4 A< < nniint f<' llu fi)!l'>«nn n.ulton, how 
; main mnli ^ >’< \^.Ull will hi fonnrd whon 

: 2 imih *' of H and <ni inuli of c) ir.irt'* 


According to the equation. 2 nioles of !{< : Q-i 
react with one mole of 0i to give 2 j 

moles of HoO : 


Ai « "I dine f " i!n fnHnwint n. it lion how 
main imih h 4 ualii aii jmtdut i-d when 
,1 im»li of H 1 1 at t** » dll 7 nmleH of 
N.iOH ■ 


M MJ, ■ 2NaC)Jf • Vi M), 


2H O 




A- 5 1 mole of sulfuric acid reacts with 2 • 

moles of sodium hydroxide to yield ; 

1 mole of sodium sulfate fNa.SOi) and : 

2 moles of water. : 


|( <»tu nf 

1 1 ,ti ti 4 u ifh jnoli of !t \ 4j < vM) Hulfidt' 
<H «qu4hofi. 

ni4in 4 ^i\M i nulfidi 

u«Hild N f <ii d 


H N * VV NH 


Ai H 


A-6 1 mole of HjS reacts with 2 moles of 

AgNO;) to give i mole of Ag’S There* 
fore, ' mole of HiS will react with I 
mole of AgNOj to give ‘ mole Ag-S. 

A-7 1 mole of ferric chloride (FeCljl and 

3 moles of silver nitrate real f Each 
mole of AgNOj contains 3 moles of O 
atoms. Therefore, there are 3 x 3 or 
9 moles of O atoms indicated on the 
reactant side of the equation 




In !hi f*il inf * tju it I h nv n» un 
mnli H of j. I n it * 'in H u i mh!|i iti tut 
!hi ii Mttint^ * i«l« tin itjiiHlnn * 

FiCdj * Ui^NU < IAM i U 


i#*»**i4**. **44S**a*4-o. »»»•». 


In Un dtnn f i n In tin jif • \ ioy!4 

i|Uf huU in.irn in d* d f i n 

4totn»4 kU I indii .III it <»n th< ntdi 

id Ihi (“till il i‘>n ' 


3 molos of AgCl and I mole of 
Fe(N 03)3 were produced Each mote 
of Fe(N 03 )i contains 9 moles of O 
atoms* Therefore, 9 moles of O atoms 
are indicated on the product side of the 
equation. 


Yes, the equation given In Q-7 Indicates 
9 moles of oxygen atoms on both the 
reactant and product side of the equa- 
tion. Three moles of silver atoms are 
indicated on both sides of the equation. 


At thf fiaiiH rujiid»i I d iiMd« ^ ^d 

4t(iinH HmIm 4l* d on l>tiih iln t * ,t« l4id and 
pr^tdut I «4id« of thf iqiMtiun n in 0-7 • 
An th< lumdM i «d uudf ^ »d nilvef 

4t«itiiif itiNtMi 4t«fl ^*n tifilti «ifli ^ *d the 
I quaihn^ * 
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A- 10 Yes 


Conservation of 


mass IS satisfied 


Q-11 


Equations are balanced by placing co- 
efficients in front of the chemical for- 
mulas in such a way that the same number 
of moles of each atom is indicated on 
both sides of the equation The ratio of 
atoms in a chemical formula is never 
altered (i e , in balancing an equation, 
H2O may be changed to 2H2O, but never 
to H4O2 or HO) 


Balance the following equation 


A-11 Inspection shows that there are two Na 
atoms on the right and one on the left, 
so the coefficient, 2, is placed in front 
of NaOH. Then another coefficient, 2, 
is placed in front of H 2 O to balance H 
and 0. The general rule is to balance 
H and O last 


NaOH + H 2 S NasS + H 2 O 


Q -12 Balance the following equation 

Ca(OH )2 + HCl - CaCl 2 + HpO 


2NaOH 4 H.S - NajS + 2H20 




A- 12 Ca(OH)2 4 2HC1 • CaClj + 2H20 

A- 13 2NaF 4 Ca(N03)2 • CaFj + 2NaN03 

A- 1 4 2Nal 4 PbfNOs)* * Pbl? + 2 NaN 03 


: Q-13 Balance the following equation 

: NaF + Ca{N 03)2 CaFa + NaNOg 

« 

I Q-14 Balance the following equation 
I Nal + PbfNOgla - PW2 + NaNOg 



S-4 Before proceeding to iMilance more complicated equations, the concept of oxidation numbers 
of the elements must be understood. Oxidation numbers are assigned according to arbitrary 
rules. Free elements are assigned an oxidation number of zero Cbcygen in compounds is 
assigned an oxidation number of -2. Hydrogen in compounds is assigned an oxidation num- 
ber of +1, The sum of the oxidation numbers for a neutral molecule must equal zero. The 
sum of the oxidation numbers for an ionic species is equal to the charge on the ion, 


i Q-15 


Assign oxidation numbers to the elements 
in the following species. 

a) Hj 

b) HjO 

c) P 4 

d) A1 
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A-15 


a) H2 

b) H2O 

c) P4 

d) A1 


oxidation number 
H IS zero 

H IS +1 O IS -2 
P IS zero 
A1 IS zero 


Q-16 An exception to the rule given above for 
oxygen occurs in compounds called per- 
oxides These compounds have oxygen - 
oxygen bonds In these cases oxygen is 
assigned an oxidation number of -1 

Assign oxidation numbers to ox\'gen in 
the following compounds 

a) H2SO4 

b) H)02 hydrogen peroxide 

c) HNO3 

d) Ba02 barium peroxide 


A- 16 oxidation number of oxygen 

a) -2 

b) -1 (peroxide) 

c) -2 

d) -1 


Q-17 


(peroxide) 


An exception to the rule given for hydro- 
gen occurs in compounds called hydrides. 
In hydrides, hydrogen is assigned an 
oxidation number of -1. 

Assign oxidation numbers to hydrogen in 
the following compounds 

a) HCl 

b) H.O.. 

c) NaH sodium hydride 

d) HNO3 

e) CaHn calcium hydride 


oxidation number of hydrogen 

a) +1 

b) +1 

c) -1 

d) +1 

e) -1 



a) Li 

H 

+1 

-1 

b) Na 

0 

+1 

»2 

c) Na 

0 

+1 

-1 

d) K 

H 

+1 

-1 


Q-18 


Assign oxidation numbers to all the 
elements in the following compounds, 

a) LiH lithium hydride 

b) NajO sodium oxide 

c) Na.iO; sodium peroxide 

d) KH potassium hydride 


5 


A-19 All Group I elements are assigned an 
oxidation number of +1 . 


A-20 a) Ca H 

+2 -1 

b) Ba O 
+2 -1 

c) Si* O 

"♦"3 -2 


Q-19 Li, Na, and K all belong to Group I in 
the periodic table. What general rule 
could be given for assigning oxidation 
numbers to the Group I (alkali) elements 
in compounds? 


I Q-20 Assign oxidation numbers to all elements 
I in the following compounds. 

I a) CaHj calcium hydride 

I b) Ba02 barium peroxide 

t c) SrO strontium oxide 

I Q-21 Ct, Ba and Sr all belong to Group fl In 
the periodic table. What general rule 
could be given for assigning oxidation 
• numbers to the Group II (alkailne-earih) 
elements in compotmda. 
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A-21 All Group H elements are assigned an 
oxidation number of +2, 


Q-22 Remember that for an ionic species the 
oxidation numbers are assigned so that 
the sum of the oxidation numbers equal 
the charge on the ion. For example in 
ClOi", if oxygen is assigned an oxidation 
number of -2, then chlorine must be 
assigned an oxidation number of +7. 

The sum of oxidation numbers is 
+7 + 4(-2) = -1 = charge on the ion 

Assign oxidation numbers for the ele- 
ments in the following species. 

a) NOj“ 

b) OH“ 

c) Na+ 


A-22 a) N O 

45 -2 

b) O H 
-2 *1 

e) Na 

4 l 


A *23 a) 8 

46 

b) N 
43 


j| M m * « • tl m W M 4t « <0 1 W M M # 4ll» « W W M ft M m H 




I Q-23 Assign oxidation numbers for the ele- 
I ments in the following species. 

i a) SO 4 "* 

j b) NOa- 

i c) AI+3 




c) Al 


Q-24 Assign oxidation numbers to all the ele- 
ments in the following species. 

a) MnO<” d) COf* 

b) Fe(OH )3 e) NaCl 

c) NajSiOs f) BeFi 

Q-25 In the following reaction does the oxida- 

tion number of sulfur change in going 
from reactants to products? 

HaSO* + 2 NaOH - NstaSCU + 




A -84 a) 

Mn 

!S>¥VWPWll 

04 


d) 

c 

0 


4 ? 

-3 



44 

-2 

b) 

Pe 

0 


f) 

Ns 

Cl 


«3 

.2 

4 l 



A 

c) 

Ns 

S 

0 

f) 

Be 

F 

1 

♦1 

43 

.3 


^3 

-1 


A -25 No. 
•A 


+6 


I Q.26 In the following reaction does the cacida- 
tlon number of hydrogen or oxygen 
cdumge.in.gaiog.{£mxs8^ to.. 

i products? 

r +faEJi.-* 1^0! 




4^-26 Np. 


Q-27 In the rpaptjion.does ^e oxida- 

tion number of nitrogen change In going 
frjam.ceactaxte,ta4»?QdHata? 

Miontk 
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S-5 Oxidation-reduction reactions involve a change of oxidation number An element is oxidized 
if its oxidation number increases (becomes more positive) in going from reactant to product. 
An element is reduced if its oxidation number is decreased in going from reactant to prod- 
uct 


Q-28 Consider the following reaction- 
2 H 2 + O2 - 2H2O 

Assign oxidation numbers to all the 
elements in both reactants and products. 


A-28 2H2 + O2 2H2O 

0 0 + 1-2 


! Q-29 How does the oxidation number of hydro- 
; gen change in this reaction? Does it in- 

! crease or decrease 


A-29 Hydrogen goes from zero to +1, an j Q-30 
increase in oxidation number 1 


A-3i 


A-32 


A-33 


If an element’s oxidation number is in- 
creased, is it oxidized or reduced? 




A-30 Oxidized 


; Q-31 How does the oxidation number of oxygen 
! change in the reaction, 2H2 + Oj - 2HjO? 

: Is oxygen oxidized or reduced? 

# 


Oxidation number decreases. Oxygen 
is reduced 


«««»««( «§«««« HfMtl W«p||| « HAW «« 


2Na + 2H2O - 2NaOH + H2 
0 +1 -2 + 1 - 2+1 0 

Na 0 to +1 oxidized 
H +1 to 0 reduced 


I Q-32 Assign oxidation numbers to all the ele- 
s ments in the following reaction and de- 

; termine which elements are oxidized and 

: which are reduced. 

; 2Na + 2H20 - 2NaOH + Hj 

1 Q-33 Assign oxidation numbers to all the ele- 
• ments in the following equation and de- 

I termine which are oxidized and which 

I are reduced. 

: 2A1 + 2NaOH + ZUiO * 2NaA102 SHj 


»*«»«#»#««« <1 #««# #iW|« 


2A1 + 2NaOH + 2H2O - 2NaA102 + 3H2 | Q-34 
0 +1-2+1 +1-2 +1+3-2 0 1 


A1 0 to +3 oxidized 

H +1 to 0 reduced 


Assign oxidation numbers to all the ele- 
ments in the following reaction and de- 
termine which are cncidized and which 
are reduced. 

2NaiOt + 2H20 -* 4NaOH + Oj 
(Hint; is called sodium peroxide) 
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A-34 2Na202 + 2H2O 4NaOH + O, 

+1 _1 +1-2 +1-2+1 0" 

Oxygen is both oxidized and reduced 
It goes from -1 to zero and from -1 to 
-2 This IS called auto -oxidation - 
reduction 



S-6 Assignment of the change in oxidation number is the first step in the balancing of a compli- 
cated oxidation-reduction reaction The second step is to determine the magnitude of the 
change in oxidation number per atom and then per molecule 


I Q-35 Determine the change in oxidation num- 
I ber per atom and per molecule in the 

; following reaction (unbalanced). 

I Fe203 + H2 -* Fe + H2O 

■ 

« 




A-35 Fe203 + H2 Fe + H2O 

+3 -2 0 0 +1 -2 

Each iron atom undergoes a change of 
oxidation number of three The change 
per molecule of Fe203 is 
2(3) ^ 6 

Each hydrogen atom undergoes a change 
of oxidation number of one. The change 
per molecule of hydrogen (H2) is 
2 ( 1 ) = 2 


I Q-36 Determine the magnitude of the change 
I in oxidation number per atom and per 

; molecule in the following reaction (un- 

I balanced) 

I A1 + H2SO4 AI2 (804)3 + H? 




A-36 The sulfate radical (SO4) has a net ; Q-37 Determine the change of oxidation num- 

charge of -2. Therefore, sulfur is j ber per atom and molecule in the follow- 

assigned an oxidation number of +6, : ing reaction (unbiilanced) 

A1 + H2S04 -* AI2 (804)3 + ^^2 • C(iH{, H O2 CO2 + H20 

0 +1+6-2 +3 +6-2 0 : (benzene) 

» 

Each A1 atom has a change of oxidation \ 
number of 3. Each H atom has a change j 
of oxidation number of one Therefore, : 
the change per molecule of H2S04 Is : 

2(1) = 2 . : 


A-37 CjHg + O2 - COz + HjO * 

- 1+1 0 + 4-2 + 1-2 \ 

H 

Each carbon atom undergoes a change I 
of oxidation number of 5 (from -1 to j 
+4). The change per molecule of * 

benzene, CsHe, is f 

6(5) = 30 . I 

Each oxygen atom undergoes a change j 
of oxidation number of 2, The change t 
per molecule of oxygen is | 

2(2) - 4 . j 

; 
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S-7 The third step in balancing oxidation-reduction reactions is to make the total gain in oxida- 
tion number equal the total decrease in oxidation number This is done by placing the pro- 
per coefficients in front of the molecules with atoms that undergo a change in oxidation 
number. The final step is to balance the rest of the equation by inspection. 


Q-38 In the equation, Fe203 + Ha - Fe + HaO, 

the oxidation number change per molecule 
of FeaOs was -6 and tlie oxidation number 
chaise per molecule of Ha was +2 How 
many molecules of Ha must undergo a 
change to equal the oxidation number 
change of FeaOs? 




Write the equation showing that 3 moles 
of Ha react with one mole of FeaOj. 


-38 Each molecule of FeaOa undergoes a : Q-39 
change of 6 To balance this change, 

3 molecules of Ha must undergo a 
change, i. e 

6 (change in FeaOa) = 3x2 (change in Ha) 


A-39 FeaOa + SHa - Fe + HaO 






A-40 FeaOa + 3Ha - Fe + HaO 


Step 1; 
Step 2* 


FeaOa + SHa 
FeaOa + SHa 


2Fe + HaO 
2Fe + 3HaO 




A-41 Assign oxidation numbers and the 

change in oxidation numbers. Each A1 
changes from 0 to +3 Since there are 
two A1 atoms in the product, Ala(S04)3, 
the overall increase must be 
2(3) = 6 

Each H changes from +1 to 0. Since 
there are two H atoms per molecule of 
HaSO^, the overall change per molecule 
of H2SO4 is 

2 ( 1 ) = 2 . 

Thus, to make the oxidation number - 
increase equal the oxidation number- 
decrease, three HaS04 molecules must 
undergo change for every two A1 atoms 
undergoing change. To balance the 
equation a 2 is placed in front of A1 and 
a 3 in front of HaS04. The equation is 
finally balanced by placing a ? in front 
of Ha. “ ' 

2A1 + 3H2S04 -• Al2(S04)3 + SH 2 


Q-40 


Note that in the equation given in the last 
answer, the number of moles of Fe 
atoms, H atoms, and O atoms are not 
the same on each side of the equation. 
Balance the Fe atoms by inserting the 
proper coefficients into the right hand 
side of the equation. Then balance the 
hydrogen and oxygen atoms by the same 
process. 


M » « 41 W# H «• W m »« »« 


Q-41 Balance the following equation. 

A1 + HtS04 AlaCSOi)! + Hj 

Q-42 Balance the following equation. 

H|As 04 + HaS * HiAsC^ 48 + HjO 
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A-42 The equation is balanced as written 
As +5 -*• +3 change of 2 

S -2-0 change of 2 


Q-43 Balance the following equation 

(NH4)2Cr207 - N2 + H 2 O + Cr 203 
Note The (NH 4 ) radical has a +1 charge. 


A -43 (NH 4 ) 2 Cr 207 

- N2 4 4H2O 4 Cr203 

• 

■ 

m 

\ Q-44 

N 

Balance the following equation. 

N -3 - 

0 change of 3 

■ 

m 

m 

KMn04 4 FeCl2 4 HCl - 

(change of 6 per mole 

* 

■ 

■ 

KCl 4 H2O 4 MnCl2 4 FeCl3 


of (NH4)2Cr207) 

m 

n 

m 

m 

Cr 46 - 

43 change of 3 

■ 

a 


(change of 6 per mole 

■ 

■ 

• 



of (NH4)2Cr207) 

■ 

R 

M 

■ 

R 

R 



A-44 KMn04 + SFeCla + 8HC1 - 

MnCl 2 + SFeCls + 4 H 2 O + KCl 
Mn +7 +2 change of 5 

Fe +2 — +3 change of 1 


Sn + HNO 3 + H 20 — HioSnjOis + NO 


A-45 15Sn + 2 OHNO 3 + 5 H 2 O 


SHioSnsOis 
+ 20NO 


Sn 0 - +4 change of 4 

(change of 20 per 
molecule HioSnsOig) 

N +5 — +2 change of 3 


Q-46 Balance the following equation. 

Mn 02 + HCl - CI 2 + MnClj + H 2 O 

(Hint- Some of the chlorine atoms do 
not change oxidation number in this 
reaction. ) 




e 

4 * 


A-46 Mn 02 + 4HC1 — CI 2 + MnCla + 2 H 2 O 

4*4 — 42 change of 2 

Cl -1-0 change of 1 

(change of 2 for 
each molecule 
of Cl 2 formed) 

In order to balance tlie chlorine which 
is not oxidized (MnClz), a 4 must be 
placed in front of the HCl. 


Q-47 Balance the following equation. 

Zn 4 HNOs - Zn(N 03)2 4 N20 4 5H20 


A-47 4Zn 4 lOHNOs - 
Zn 0-42 
N 48 — 4I 


4Zn(N03)2 4 N2O 4 5H2O 
change of 2 
change of 4 


Q-48 Balance the following equation. 

Mn(N 08)2 4 NaBiOg + HNC^ - 

NaMnOg 4 Bi(N08)g ■+ NaNOg 4 HgO 


A-48 2Mn(N08)2 4 SNkBiO* 4 HHNOg 

2 NaMn 04 4 6Bi{N08)* 4 3NaNOj 4 'THjO 
. Mn 42 - 4? change of 5 
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S-8 Since a balanced equation gives tlie relative number of moles of reactants and products, the 
quantity of all the reactants and products can be determined provided the quantity of one of 
the reactants or products is known This can be done by constructing unity factors Con- 
sider the following equation 

2H2 + O2 - 2H2O 

Because 2 moles of H2 react with one mole of O2 to yield 2 moles of H2O, the following unity 
factors are appropriate 

2 mole H2 2 mole H2 1 mole O2 

1 mole O2 2 mole H2O 2 mole H^O 


Q-49 Use the unit conversion method to show 
how many moles of O2 would be needed 
to react completely with 0 50 moles of 
Ha according to the equation 

2H2 + O2 * 2H20 


A-49 


0. SO-mele-Hz- 

1 mole O2 


2 -Baote"H2 


0 25 moleO.> 




Q-50 How many moles of H^O would be pro- 
duced by 0. 80 moles of O2, according 
to the equation 

2H2 + Oj - 2H20 


A- 50 


0 80 mole 0^ 

2 mole H2O 


1 mole- Q'j 


1.6 moleHaO 


««iM ■ « W •<1J| » « « « M I 




tun ■ « l« » « *11 W * M M M « » «l « II • M i 


A-51 0. 300 molo-G r Hn 


Q-51 Given the following equation 

2 C 2 H 6 + 702 ' 4C02 + SHaO 

How many moles of 02 would be needed 
to react completely with 0. 300 moles of 
CjHj (ethane). 


7 mole O; 
- 1. 05 mole O2 


A- 52 


S-meie-e-jftg 

4 mole C02 


S w-ot’C 0 


= 6 mole COa produced 


Q-52 According to the equation In Q-51, how 
many moles of CO2 would be produced 
l?y 3 moles of CjHg? 

Q-53 According to the bataiKed equation 
SCjHg + 4H2O + aKMnOg - 

SCjHgO: + 2MnOi 4 2KOH 

determine the following: 

a) the number of moles of KMnOg needed 
to react with 0. 900 moles of CjHg. 

b) the number of moles of Mn02 prc^uced 
by 0. 800 moles of CjHg. 




A-53 a) 0. 900 mele - % H a [2 mole KMnOg 

I 3 

* 0. 600 mole KMnOg 
b) 0. 600 mole Og H y | 2 mole MnOj 

n 

I 3 s aoio CgHg - 
a 0. 400 mole MnOj 


I Q-54 Since a mole of an element or compound 
represents a certain mass of the element 
or compound, the tmlanced equation gives 
the relative masses of reactants and 
products. According to the balanced 
equation 

3Fc + 4H2O FsgOg + 4 Hj 

how mimy grams of Fe wiU react with 
4. 00 mcdes of HjO? 
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A- 54 4,00 



Q-55 How many grams of iron would be needed 
to produce 23 1 grams of Fe304 according 
to the equation given in Q-54'? 


— _ 10 7 p- Pe 
iTmoSHP? - lb / g Fe 

Q-56 How many grams of Fe304 would be pro- 
duced by 36 0 g of water according to 
the reaction given in Q-54? 


231 g Fe304 


115 g Fe304 


Q-57 Given the following equation* 

2A1 + Fe203 -*■ 2Fe -t- AI2O3 

Calculate the grams of Fe203 needed to 
produce 20. 0 g of Fe. 


160 g Fe203 


= 28. 7 g Fe203 


; Q-58 Calculate the grams of AI2O3 produced 
I by 5. 00 g of A1 metal reacted according 

■ to the equation given in Q-57. 


102 g Al?Os 


9. 44 g AI2O3 






PART Hi: Concentrations of Solutions 


If a chemical reaction is carried out in solution, the quantities of chemicals involved are 
expressed in units of concentration. Two terms commonly used in expressing concentration 
are: 

eK>lute - the substance that is dissolved 

solvent - the substance in which the solute is dissolved 

Molarity is defined as the number of moles of solute per liter of solution. 


H 58. 5 g of NaCl is dissolved in enough 
water to make one liter of solution, cal- 
culate the molarity of the resulting 
solution. 
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A-1 


58 S-g-NaCjb" 

1 mole NaCl 

1 liter solution 

58 5g-NftGjr 


_ 1 mole NaCl 
1 liter solution 

(This would be called a one molar 
solution, abbreviated 1 M ) 


Q-2 If 20. 0 g of NaCl is dissolved in enough 
water to make 500 ml of solution, calcu- 
late the molarity of the solution. 


A-2 20 0f ? N ft Gl - 


500 ml solution 


1 mole NaCl 


58. 5 g - Nae i- 


1000 ml solution 


1 liter solution 


= 0.684, 


mole NaCl 


1 liter solution 
0 684 M 


Q-3 


If 40 g of CuSO< is dissolved in enough 
water to make 250 ml of solution, calcu- 
late the molarity of the solution. 




A-3 40 g Cu S Oa 


250 


1 mole CuSOj 


160 g GuSOj - 


1000 ml oolutioft" 


1 liter solution 


-10 

~ ^ liter solution 

= 1 OM 


Q-4 


What mass of AICI 5 would be needed to 
make 100 ml of 0. 100 molar AlCls 
solution? 




A-4 100 - ml s olut i on 


1 liter ooluti e n 
lOOOnfat-e olu i ii e n 


0. IQO wolfr T Meis 


1 4 ite e- oolution- 




I Q-5 What mass of AgNOj would be needed to 
I make 250 ml of 0. SOO molar AgNOj 

: solution? 


««««»#«###«•« 


A- 5 


250 ml oolution 

1 liter aolutton- 

0.500 -mele-AgNOs' 

170 g AgNOs 


1000 ■mteoluticm 

1 Ittep somfeioflf" 



21.2 g AgNO, 


Q-6 


Another concentration that is commonly 
used is molality . 

molality ■ the number of moles of solute 
per kilogram (kg) of solvent. 

If 120 g of MgS 04 is dissolved in 1000 g 
of water, calculate the molality of the 
solution. 



A-6 


12O-g-MgS0jr 

1 mole MgS 04 

* 

1000 -g-eolvewit- 

1 mole MtdSOi 

lOOO-g-eolvont 

126 gMg804 

1 kg solvent 

kg solvent 


This is called a 1 molal solution, 1 m. 1 


Q-7 


Why isn’t die I molal solution given In 
the preceding question equivalent to a 
1 molar solution? 


A-7 A 1 molar solution would contain 1 mole f Q -8 


of solute per liter of solution, while a 
1 molal solution would contain 1 mole ! 
of solute per kilogram of solvent. | 


Calculate the molality of a solution 
made by dissolving 50 g of CaCOi In 
1000 g of H| 0 . 
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•V 


50'gGaCQy 

1 mole CaCO^ 

1000 -g' solvent 

1000 g solvent 

rioOf-CaCOs 

1 kg solvent 


_ 0 50 mole CaCOa 
1 kg solvent 

= 0 50 m 


20 O-g-iiO. 

1 mole KCl 

1000 gisolvent 

250 -g-aotvetirt 

174 5-g-Ket 

1 kg solvent 


Calculate the molality of a solution made 
by dissolving 20 0 g of KCl in 250 g of 
H2O 


- 1 Q7 KCl 
” ' kg solvent 

= 1 07 m 


Q-10 Calculate the number of grams of CaFa 
that must be added to 250 g of H2O to 
make a 2 00 molal CaF2 solution. 


'«• 


A-10 


2 50 'g solvent 

1 -kg-selvent- 

2.00-fiae4e-eaFV 

78. 0 g CaF, 


1000 g-solvcnt" 

1 -kg solvent 

1 mole CaFu 


= 39 0 g CaF2 


Q-11 Calculate the number of grams of BaCl2 
that must be added to 100 g of H2O to 
make a 0 100 molal BaCl2 solution 


A-11 


lOO’^-seivent 

1 -kf-eelvent- 

0. 100 mole BobGlr 

208 g BaCl2 


1 AAA 




X DUI VLUl" 

« 

)Ai XIiOJLw it(/UfV«/ 1,^ 


« 

ft 


= 2 08 g BaCla 


S-2 Concentration Is sometimes expressed in percent of solute, that is, the percent mass 
that the solute contributes to the total mass of the solution. K a solution is said to be 3% 
NaCl, it contains 3. 0 g of NaCl per 100 g of solution, 




200 B oelutien 

S.OgCaClz 


lOO’g-sokttion 


Q-12 How many grams of CaCl2 would be 
needed to make 200 g of 5. 0% CaCl2 
solution? 

««!•«««« ft) *••«<* ••*«*•**«*** ********** 


10 g CaCli 


Q-13 How many grams of BaCOs would be 
needed to make 10 g of 0, 20% BaCOs 
solution? 


! 
ft 

I 
J 


A -13 


10 ■yfleltrtioa" 

0* 20 g BftCOs 


100 g oolutien 


= 0.02 g BaCOs 




A-14 



Q-14 What is the percent of solute in a solu- 
tion which contains 40. 0 g of solute per 
250 g of solution? 




40. 0 g solute 

100 f solution 

250 g’flolutie«’ 



a 16. 0- g in 100 g solution 
. 16.0% 

ft 

i 


Q-15 What is the percent of solute in a solu- 
tion which contains 10. 0 g LiBr in 
2500 g of solution? 
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A-15 


10 0 g solute 
2500 • g- - soluti e n r 


100 g oolution ' 


I 

= 0 400 g in 100 g solution 
= 0 400% 


Q-16 The density of a solution is expressed 
as mass per unit volume of solution. 
The most common unit for liquids is 
grams per millilitei 

The density of a KOII solution was de- 
termined and found to be 1. 25 g per ml. 

Calculate the mass of 1,00 liter of the 
KOH solution 


A-16 


1 25 g solution 

1000 ml oolution 

1 OOlutlOR- 

1 liter of solution 


= 1,25 X 103 


liter of solution 








A-17 


1 30 g solution 

250 ml oolutten 

1 ml solution- 



= 325 g solution 






Q-17 If a CaF 2 solution has a density of 

1 30 g/ ml, calculate the mass of 250 ml 
of this solution. 


Q-18 If the density and the percent of solute 

in a solution are known, the molarity and 
molality may be calculated. The follow- 
ing questions illustrate the method, 

A MgCla solution has a density of 1, 119 g 
per ml and the percent of solute is 29,0'!'. 

Calculate the mass of l.OO liter of solu- 
tion. 


A-18 


1. 119 g solution 

1000 ml oolution 

I ml solution 

1 liter of solution 


- 1.119 X liter b^soluHon 
..... — .}, 


A-19 


1. 119 X 10® -g solution 

29. 0 g MgCl^ 

1 liter solution 

iOO-g-sohittett 


= 325 


g MgClj 
liter ’solutldh" 


Q-19 Calculate the mass of MgCl; in one liter 
of the solution in Q-18. 

(Hint; Remember that Is defined as 
mass of solute per 100 g of solution. ) 

Q-20 Remembering that the solution described 
in Q-18 contains 325 grams of MgCIi per 
liter of solution and has a mass of 1. 12 x 
10® grams per liter of solution, calculate 
the molarity of the solution in Q-18. 


A-20 325 g-Mgeh 

1 mole MgClj 

1 liter solution 

95.3•§^-Mgel2 


Q-21 Calculate the molality of the solution in 
Q-18. 

Hint: Calculate the mass of water per 
liter of solution, (mass of 1 liter solu- 
tion} - (mass of MgClj per liter solution) 
a mass of water per liter of solution. 

A-21 1119 g - 325 g = 794 g water per liter solution 


3.41 

liter solution 

3.41 M 


3,41 mole 1 1 Htee oolutien 

1000-R-watee 

1 "litor solution 

1 794-iy -iiwator 

1 kg water 


4.29 


moles 


kg water 
4.29 m 


Q-22 




A barium chloride (BaClj) solution Ims 
a density of 1.279 grams per milliliter 
and 0»e percent of solute is 26. 0%. 

Calculate the molarity of this soluUon. 
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A-22 1. 279 g solution 

1000 -ml solution 

26 0 -g -DaClg 

1 mole BaClp 


1 liter solution 

100 -g solution' 

208-g-BaCl2 


1 60 


mole BaCl 


1 . 


litei’ soluticm 
1 60 M 


Q-23 Calculate the molality of the solution in 
Q-22 


A-23 


A-24 


1. 279 -g-sol'trtion- 

1000 ml solution' 

26. 0 g BaCl, 

i -mloolution- 

1 1 liter solution 

100 -g-eolutiOR- 


- g BaClg 

liter solution 


1279 g solution - 332 g B»iCl 2 - 947 g water per liter of solution 


1 60 mole BaCl, J 1 4iter solution 

lOOO-g-watoy 

1 4i4iee-B«fat-ion- 1 947 g wator 

1 kg water 


1.69 

1 kg water 
1.69 m 


Q-24 


An ammonium sulfate, (NH 4 ) 2 S 04 , solu- 
tion has a density of 1. 289 g per ml and 
a percent of solute of 50 0%. 

Calculate the molarity of this solution. 


..I 




1 . 289 It 

1000 ml-oelution- 

50. 0 

1 mole (NH 4 ) 2 S 04 

1 -wl-tiolutton 

1 liter of solution 

100 -g solution 



4.88 

liter solution 
= 4.88 M 


Q-25 Calculate the molality of the solution in 
Q-24. 


A-25 


1. 289"g-4»ulut'k»ii 

1000 ml-Bsl'UttoR- 

50. 0 g (NH4)2S04 

1 -ml- solution' 1 

t liter solution 1 

155 ■§■ solution ■ 


liter solution 


1289 g solution - 644 g {NH 4 ) 2 S 04 = 845 g water per liter of solution 
4. 88 mote (NHj;SOi 1 1 oolutioiv 


, 7. 57 

1 kg water 


1000- g -w ftte»- 
1 kg water 

i Q-26 

« 

0 

i 


A solution of chromium sulfate, 
Cr 2 (S 04 ) 3 , has a density of 1, 489 grams 
■ 7 57 m J per ml and is 40. 0% in solute. 

Calculate the molarity of Cr 2 (S 04 )} in 
this solution. 


A-26 


1. 489 fr'BHOluttws 

1000 ml BBlutiow 


1 mole Cr 2 (S 04 )s 


1 liter solution 

l55 g BolutiOH' 



« 1, 52 f Q-27 Calculate the molality of the solution in 

liter solution i Q^26 

» 1. 52 M I 

s 

A-27 _ 

liter solution 



1000 wil^ooluttewr 

40.0 g Cr,{SOi)* 


' ' i lilifr'solution"’"' 

lQ0.g solutiOR- 


1489 g solution - 596 g Cra{S 04 )$ * 893 g water per liter of solution 


1. 52 mole Cr«CSOi)a 

1 liter eeluttefr 

1000 IP yfttey 



1 kg water 


1 70 iSSilSSiSSik 

1 kg water 


» 1.701101 


i 
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Chemists frequently use brackets ([ ]) to denote moles/liter or molar conceiitiation. 

[X"] = concentration of ion X" in moles/liter. 

It IS often convenient to denote molar concentrations of ions as negative logs of concentra- 
tions The symbol "p" is used to denote -log 

Thus, -log[X-] = p[X-] If fX'] = 2.3 X lO"* then, 

p[X"] = -log[X"] 

= -log(2.3x 10-‘‘) 

= -(log 2. 3 + log 10“'*) 


A-28 p[H+] 


-log (5. 67 X 10“*) 
-(0 7536 - 4) 

-(-3 2464) 




Q-28 If = 5. 67 X 10"*, what is p|H*|? 


(»<••»*#»*««»»***•**•* *■»•*«•*•*•••«*»**•• **'**'•*•«•« 


Q-29 If |Cr| s 3.89x10"’, whatispicrj? 




A-29 p[cr] 


-log (3.89 X 10"’) 
-(0. 5899 - 3) 
-(-2.4101) 


I Q-30 If (OH"| » 8.23 X i0-^ what is plOH")? 


A-30 p[OH“] 


-log (8. 23 X 10“^) I 

-(0.9154-7) i 


S-4 Ions in solution do not act as independent particles. They "feel'’ the attractions and repul- 
sions of other ions in the same solution. Because of these attractive and repulsive forces, 
the "effective concentration" of ions is less than the number of {xtriicles achially present. 
We call this effective concentration the activity ; activity is equal to the concentration of 
particles times a correction factor called the activity coefficient. The activity coefficient 
varies with the concentration of ions, becoming smaller as concentration becomes larger, 
the pH of a solution (not to be confused with p[H'*'| ) is defined as 

-log [activity of hydrogen lonj « -log[a||+|, or 

-log [activity coefficient x hydrogen ion concentration] 

In dilute solutions, the activity coefficient is very nearly one. Thus, for a solution in which 
the [H+] (concentration of H+ ion in moles/liter) is S. 62 x 10"*, the activity coefficient is 
close to one, and the pH can be approximated as 

pH - -log (3.82 X 10"*) 
a -{log 3. 62 + log 10"*) 

- -(0.S587) + (-5) 

♦ 

a 4.44 
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Q-31 Assuming an activity coefficient of one, 
what IS the pH of a solution with 
[H+] = 4 91 X 10-®*? 

A-31 pH - -log {|H*| X activity coefficient) 

-log (4 91 X 10"^ X 1) 

- -dog 4.91 t log 10"®) 

-1(0.6911} ^ (-9)1 

- 8.31 

Q-32 Assuming an activity coefficient of one, 
what is the pH of a solution with 
[ H+J = 3 83 X 10-1®-? 

A-32 pH ” -log (3.83 X 10-'® X 1) 

-dog 3.83 + log 10”'®) 

-KO. 5832) » (-13)) 

12.42 

? 

« 

m 

Q-33 Assuming an activity coefficient of 

0. 997, what is the pH of a solution with 
[H+] = 4, 50 X 10“®? 


A-33 pH -log 1 (4.50 x 10“3)(9.97 x 10“‘)] 


-1(0.6532) 4 (-3) + (0,9987) + {-l) I | 

2 35 \ 

s 
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A-36 pH = 7. 13 
-log[aH+] 
log[aH+] 
[^H+] 


= 8.0 + (-0.87) 
= 8 0 + (-0.87) 
= -8 0 + 0,87 
= 10-8 X lO® 87 
= 7.41 X 10-8 


Q-37 Find [ajj+] of a solution whose pH - 8.88 


A-37 pH = 9.0 + (-0 12) 

-log[ajj+] = 9 0 + (-0 12) 
log[ajj+] = -9 0 + 0 12 
[ag+j = 10-8 X 100*18 
= 1,32 X 10-9 


Q-38 Find the pH of a solution whose 
[aH+] = 3 81 X 10-8. 


A-38 pH = -log[aii+] 

= -log 3 81 X 10-8 
= -(log 3. 81 + log 10-8) 

= -(0 581 + -5) 

= 4.42 

A-39 pH a -log[ajj+] = -log[H'^](a.c.) 

= -log [(3.22 X 10-9)(9 8 X 10-1)] 
= -[0.508 + (-2) + 0.991 + (-1)] 
= 1.50 


Q-39 Find the pH of a solution whose 

fH’*'] = 3 22 X 10-9 and activity co- 
efficient = 0.98. 




it’.';' s'- ' 


#iS 

i; r . ■ 

-Vy;v4v, ,,,. 

jcrV/-- - 




PARTrV: Reactions In Solution 


S-1 When a reaction is carried out in solution, it is possible to calculate the volume of solution 
necessary for complete reaction if the concentrations of the reactants in solution are known. 
Any of the concentration units discussed in the preceding problems may be used. 


stoichiometry 


71 


If an aqueous solution of CuNOa and 
Hg(N03)2 reacts according to the follow- 
ing equation 

2Hg(N03)2 + 2CUNO3 -* Hg2(N03)2 + 2 Cu(N03)2, 

how many moles of Hg(N03)2 would be 
needed to react completely with 30.0 ml 
of 0. 100 molar CuNOj? 


30.0-w»l- 1 0.100 -mol 
lObOnsif” 


2 mole Hg(NOn) 


0. 00300 mole 
3.00 X 10~* mole 


What volume of 0. 100 molar Hg(N03)2 
would be needed to provide the moles of 
Hg(N03)2 calculated in A-1? 


3.00 X lOOOmI 

s 30. 0 ml 


Given the following reaction: 

2FeCls + SnCl2 2FeCl2 + SnClt 

Calculate the volume of 0 250 molar 
SnCla needed to react completely with 
35,0 ml of 0.200 molar FeCls. 






■solution 0. 200' 


! 1000 ml SnCL solution 


14.0 ml SnClj solution 


' 1 1 ■ 


Q-4 Given the following equation: 

HgjClj^gj SnCl* - SnCl* ■»■ 2Hg 

Calculate the volume of 0, 100 molar 
stannous chloride, SnClj, needed to 
react completely with 50. 0 g of solid 
HgiClj. 


i 1 liter SnCl* solution 


» 1.06 liters SnCl2 solution 


Given the following equation: 

SnCl4 -f Fe(s) c; FeClg + SnCla 

Calculate the weight of Iron necessary 
to react comjdetely with 2. 00 liters ot 
3.00 molar SnCl4. 




A-S 2.00- 


1 B t ole Po J56.8 g Fe 


335 g Pe 


S-2 


In an aqueous solution of HCl, the HCl molecule dissociates according to the following equa- 
tion; 

Ha -I- HaO H80+ -I. cr 

The reaction proceeds to completicm and HCl is said to be 100% dissociated in aqueous solu- 
tion. The water of iqrdrati<»i is umially omitted and the reaction is written as follows: 

HCl at H+ + cr 

t 

Ha is called a strong acid l>ecause it is 100% dissociated in aqueous solution. 
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Calculate the moles of and Cl" ions 
present in one liter of one molar HCl 
solution 


I 1 mole H+ 

1 liter solution | 1 mol e HCl- 

= 1 mole per liter of solution 

= 1 mole Cl" per liter oi solution 


Calculate the moles of present in 
200 ml of 1 0 molar HCl solution 


1 mole Ig- ^ 0 20 mole 


Q-8 Calculate the moles of In 50 mi of 
0, 10 molar HCl. 


a t-6 olutio ft 0. 10 fMli 
1 1000 iO t i 'B l 

= 0.0050 mole 
= 5 0 X 10"® mole H’*' 


NaOH + OH' 


1 mole H'*' 


1 mole OH" 


If NaOH is 100'?i dissociated to Na* ions 
and OH" ions in aqueous solution, calcu- 
late the moles of hydroxide ion, OH", in 
one liter of 1.0 molar NaOH solution. 


1 mole OH" 


A-10 


: Q-10 Calculate the moles of OH" in 500 ml of 
i 0. 10 molar NaOH solution. 




1 mole OH" 


0. 050 mole OH' 


I Q-11 Calculate Uie moles of OH" ion in 20 ml 
I of 0, 0010 molar NaOH solution. 






Mali 
r iwo« 


2. 0 X 10“» mole OH" 


When aqueous spl,utlona of HCl j^id NaOH are mixed, the,.refic,^i 0 nj lltat jura U called,a 
neutralization reaction (reao^pn ^ add and ^ bepe) and is written as follows; 




+ OH" * HiO 




(Na+ and Q" ions are omitted because th^ ^ not participate in the reaction, ) 

11 IS possible to calculate me volume or acid and base necessary for complete neutralisation 
if the concentrations of the acid and tese are known. Molarity is the concentration unit used 
in these calculations. ft- 


. How many moles of HCl are needed to 

react comidetely with 35 ml of a 0. 20 
aaeiiPbdldi^POliiMlMi 
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A-12 


1 mole HCl 


7.0 X 10-® mole HCl 


Q-13 What volume of 0, 10 molar HCl solution 
would be needed to provide the moles of 
HCl calculated m A-12‘> 


A-13 7.0 X IQ-^- 


1000 ml 


70 ml 


; Q>14 Calculate the volume of 0. 20 molar HCl 
; needed to react completely with 65 ml of 

! 0, 30 molar NaOH solution. 


A-I4 65. 


Mim 0, 30 m&lo MaC 
1000 ■I W ' t-0 6t utt< 

98 ml of HCl solution 


1000 ml HCl solution 
1 0. 20- mole~H ^ 

Q»15 Given the following equation. 

Ba(OH)2 + 2HC1 - BaCl2 + 2H20 

Calculate the volume of 0. 50 molar HCl 
solution needed to react completely with 
100 ml of 0,20 molar Ba(OH )2 solution. 


A-15 1000 




0.20 


1000 




» 80 ml HCl solution 


1000 ml 


1 

Jk ' 



Ont mole of any gas at 0"C and one atmosphere pressure (standard temperature and pres- 
8ure--STP) occupies 22, 4 liters. Hierefore, it is possible to calculate the volume of gas 
produced in a reaction given the balanced equation for the reaction. 


* Q-16 Given the following equation: 

I 2 KCIO 3 - 2KC1 + 302 (g) 

I What volume of 02 (at STP) would be 

j produced by 40. 0 g of KClOj? 




A- 18 40.0* 


22.4 liter g (STP) 
liwsie-% 


11.0 liters at STP 


Q-17 According to the equation given in Q-16, 
what mass of KClOj would be needed to 
produce 1. 00 liters of O 2 at STP? 
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A-17 


1 00 -liter 02(STP 


2 mote KGt€>3- 

123 g KCIO3 


22 4 Mer^-QT 

3 molo O2- 

1 mole-«€10r 


Q-18 Given the following equation 

CAgNOj + + SHaO * 

6Ag(g) + H3ASO3 + 6HNO3 

Calculate the volume of arsine, AsHs, 
gas at STP needed to react completely 
with 100 ml of 2 00 molar AgNOa solu- 
tion 


A- 18 


100 -ml AgNO^ solution' 

2 00 molo-AgNQT 

1 molo AsHh 

22 4 liter 


1 000 ml oolution 

6 molG AgNOg- 

Imolo AoHaTgffT 


0.747 liter 




Q-19 What mass of solid Ag metal would be 
produced from the reaction described 
in Q-18 


A-19 


lOO-ml AgNOa oolution 

2 00 mole AgN03 

6 -molG Ag 

108 gAg 


lOOO ^ -solution 

6 molo AgNOg 

1 mele-i^ 


2,16 g Ag metal 


Q-20 Given the following equation* 

2ZnS^gj + 


How many moles of gaseous oxygen, Oj, 
at STP would be needed to produce 1 . 00 
liter of gaseous sulfur dioxide, SOj, at 
STP? 




A-20 


1 004jter SO; 

1 mole SO2 

• 

3 mole Oz 


22. 4 hefeer SO^ 



Q-21 What mass of zinc sulfide, ZnS, would 
be needed to react completely with 
0.0670 mole of Oj according to the equa- 
tion in Q-20? 




A-21 


0.0670 molo 0/1 2 -mele ZnS- 

97. 5 g ZnS 

1 3 -mole O3 

fl-molo gnS 




I Q-22 Given the following equation: 

f 3Pb + 8HNO, -* 3Pb(NOs)j + 4H,0 + 2NO 

I Calculate the mass of Pb needed to pro- 

duce 1.00 liter of nitric oxide, NO, at 
STP. 



A-22 


l.OOiiter NO j 1 mele NO 


207 e Pb 

1 22. 4 -liter NO' 

2 molo NO 

Inasolo Pb 




Q-23 Calculate the volume of 0. 100 molar 
nitric acid solution, HNO,, needed to 
dissolve completely the mass of lead in 
the previous problem, 13. 9 grams. 




mmrnmmmmmmiimm 
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1 1-mole Pb 

S^ole HNQa I 1 liter HNOs solution „ n mn my 

1 


3 1 0 lOO^oHNC^ = 1 liters 0 100 M HNO 3 


PART V: Limiting Reagent and Percent Yield 


S-1 For any chemical reaction, the amount of product which may be obtained is limited by the 
amount of starting material Even if an excess of one reactant is added, the amount of 
product formed is determined by the limiting reagent, i e. , the reactant not present in ex- 
cess. 


1 Q-1 
■ 

■ 

» 

B 

IB 

■ 

According to the following equation 

3Fe -t- 4 H 2 O - Fe 304 + 4H2 , 

M 

» 

M 

» 

« 

• 

« 

what mass of Fe 304 could be obtained 
from 16. 7 g of Fe and 20. 0 g of water 

B 

■ 

B 

« 

m 

» 

« 

« 

B 

m 



(Hint* Determine which reactant is 
present in excess. ) 

K 

» 

A-1 First, calculate the amount of water : 

needed to react completely with 16. 7 g ; 
of Fe. j 


16.7-g-*=e* 

1 mole Fo 

4 molO' HaQ 

ISgHgO 


SS 8 g Fo 

3-HiolO' FO' 

1 mole HaO 


= 7. 2 g HjO 


Therefore, water is present in excess 
and the amount of iron present deter- 
mines the mass of FesO^ obtained. 


16. 7-fHPe- 1 -mole Fo- 

1 -Bfiele FegGf 

231 g FesOjt 

Is. 8-g--Fe-' 

8 -mele -Fe 

1 -Bftele-PejOj- 


Note: M you had first calculated the 
mass of iron needed to react with 
20. 0 g of water, you would have found 
that there wasn't enough iron present 
and thus determined that water was 
present in excess. 


Q-2 Calculate the mass of NaOH that could 
be obtained from IS. 0 g of NajOj and 
1 . 80 g of HzO accordii^ to the following 
equation: 

2Na202 + 2H20 •* 4NaOH + Oa 




A-2 Calculate the mass of HaO needed to 
react with 15.0 g of NaaOa. 


15. Og WttaOa 1 mole-NaaOz- 

2 eftoieH'iO- 

18 g HaO 

78. 0-g NaaOa 

2 

1 ■moie-H20 


Therefore, NajOj is present in excess 
and the mass of NaOH obtained is 
limited by the mass of HaO reacted. 


l.SO-g-HaO- 

1 wele-HaO- 1 

4 mole NaOH- 

1 40. 0 g NaOH 


18.6g-«ai^ 1 

2 mole HzO 

1 mole NaOl^ 


Q-3 According to the following equation 
2A1 + 3 H 2 SO 4 - Aiz(S04)3 + 3Ha , 
what volume of hydrogen could be ob- 
tained at STP from 2. 40 g of A1 and 
200 ml of 3. 00 M HaS 04 ? 








76 


stoichiometry 


A-3 Calculate the volume of 3 00 M H2SO4 
needed to react completely with 2.40 g 
of A1 


^ 40 cr A1 



1 lifrr TTL.ffni '^nlnhnn 

1000 ml solution 



0 XII UiC 



27 0 .g-A]U 

2 -mole Al- 

3 00 mole^gSQ^ 

1 liter solution 


= 44 4 ml (volume 3 00 M H2SO4 needed) 


Therefore, H2SO4 is present in excess 
and the volume of H2 gas obtained is 
determined by the mass of A1 present 


2 40 ff Al 

1 aaole -Al' 

3 mole H2 

22.4 liter H2 


27 0.g-Ai 1 

2 mole At 

l- mok-Hr at STP 


2. 99 liter H2 produced 


A-4 


Q-4 Given the following equation* 

SKI + SHaSOi * 

8KHSO4 + 412 + H2S + 4H2O 

Calculate the volume of H^S gas at STP 
that could be obtained from 133 g K1 and 
250 ml of 6.00 M 112804. 


■fr 


Calculate the volume of 6 00 M H2SO4 
needed to react completely with 133 g 
of KI. 


133 fHS- 

1 -Baolo KI 

9-mc46 H2S04 

1 liter H2S04 solution 


166-g-KP 

8 mole KI- 

6. OO 


0. 150 liter H2S04 solution 


Therefore, the H2SO4 is present in ex- : 
cess and the volume of H2S obtained is • 
limited by the amount of KI present, | 

Calculate the volume of H2S obtained. i 


133 fHS 

1 mole KI- 

1 -molG HyS 

22. 4 liter 


166-g^S 1 

8 mole -KI- 

|l<HH)le H28 at STP 


2.24 liter HjS 








'Ui ."Ay M 












S-2 


The amount of product which should be obtained in a reaction may be calculated from the 
balanced equation and the mass of reactants. However, in the laboratory this calculated or 
theoretical yield of product is seldom obtained. The percent yield of product is calculated 
according to the following formula: 


viAiH - mass or volume of product (obtained) 

^ ” mass or voliunnie of pr^ct (Wieoretlcal) 


X 100 


I Q-5 In A-56, page 63, the theoretical yield of 
: FejOi was 115 g from a given mass of 

• reactants. If a student obtained 90, 0 g 

I of FcjOi using the same mass of re- 

j actants, calculate the % yield of the 

I reaction. 

I 
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% yield = x 100 = 78 3% 

Q -6 InA-58, page 63, the theoretical yield 

of AI 2 O 3 from a given mass of reactant 
was 9 44 g 

If a student obtained 6 34 g of Al 20 j in 
the laboratory, calculate the % yield 

% yield =-|~'kr|- ^ 100 = 01 2 % 

9. 44 g 

Q-7 In A-16, page 73, the theoretical volume 

of O 2 gas obtained fi om a given mass of 
reactant was 11.0 liters. 

If a student obtained 8 26 liters, calcu- 
late the % yield 

A -1 % yield = Ji^e liters ^ ^ ,5 

Q -8 InA-3, page 76, the theoretical volume 
of H 2 gas obtained from a given mass of 
starting material was 2. 99 liters 

If a student obtained 2.76 liters, calcu- 
late the % yield 
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ATOMIC STRUCTURE 


Chapter 3 

Part I The Nucleus and Nuclear Reactions 


After completing this section you should be able to 

a) understand nuclear structure and notation 

b) understand factors contributing to the stability of a nucleus 

c) write nuclear reactions and calculate the energy associated with them. 


Part II‘ Electronic Structure and Spectra 

After completing this section you should be able to 

a) understand the relationship between energy, wave length, frequency, and wave 
number 

b) explain the origin of absorption and emission spectra 

c) understand the difference between the Bohr quantum theory and wave mechanics 

d) understand the relationship between quantum numbers and electronic structure. 


Part III: Chemical Periodicity 

After completing this section you should be able to 

a) understand the relationship between electronic structure and the position of the 
elements in the periodic table 

b) predict the relative size and ionization energies of atoms and their magnetic 
properties. 
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PART I: The Nucleus and Nuclear Reactions 


S-1 The atom is composed of a nucleus and electrons The electron is a negatively charged par- 
ticle with a mass of 9. 10 x 10"^® gram The electric charge of an election is -1 602 x 10"‘® 
coulomb The nucleus is made up of protons and neutrons The proton is a positively 
charged particle with a mass 1 67 x 10“^^ gram. The charge on the proton is tJie same as 
that of the electron, but with an opposite sign The neutron is a particle witli no electric 
charge and a mass of 1 67 x 10-^^ gram. The electrons, which are located outside tlie nu- 
cleus of every atom, occupy an average space much greater than the nuclear volume 


Q-1 A discharge tube emits a beam of elec- 
trons from a negative electrode to a pos- 
itive electrode when a high voltage source 
is placed across these electrodes. This 
beam of electrons is called a cathode ray . 



cathode ray 


If an electrically charged plate is placed 
above and below the cathode ray (the 
positively charged plate at the top, the 
negatively charged plate at the bottom), 
which way will the cathode ray be de- 
flected? 


A-1 The beam will be deflected upward be- ■ 
cause opposite charges attract each i 

other. (Electrons are negatively | 

charged ) • 

: 


Q-2 J. J. Thompson determined the ratio of 
charge to mass for an electron in cou- 
lombs per gram by measuring the deflec- 
tion of cathode rays in electric and mag- 
netic fields. What value did he find for 
this ratio? 


— 




A-2 


-1. 602 X 10~^® coulomb 
9. 10 X gram 


-1. 76 X 10® coulomb/g 


Q-3 What is the ratio of the mass of an elec- 
tron to the mass of a proton? 






A-3 


9. 10 X 10" ®® g for electron 
1. S7 X ib"®* g for proton 


= 5.45x 10-* 


1 

"IBW 


Q-4 What conclusion can you draw about the 
contribution of the mass of the electron 
to the mass of the atom ? 
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A-4 The mass of an electron may be con- j Q-5 What is the sign of the charge for the 

sidered negligible compared to that of | nucleus of any atom 

the proton and neutron when working \ 
with less than 4 significant figures : 

Since all atoms are made up of a nu- j 
cleus as well as elections, the con- \ 
tnbution of the electrons to the mass i 

of the atom is very small : 

■ 

M 



m 

m 

A- 5 Since the nucleus is made up of protons | Q-6 Ionization is defined as the loss of an 

and neutrons, it would have a positive j electron from an atom What would be 

charge : the charge of the particle remaining 

; after ionization’ 


A-6 Since the negative electron is being j Q-7 Rutherford performed an experiment in 

lost on ionization from a neutral atom, : which he directed a beam of helium 

the remaining particle would have a • nuclei (called alpha -a- particles) at a 

positive charge. ; thin metal foil. By observing the scat- 

: tenng of these a particles when they 

; went through the foil, he found that most 

: of the particles went directly through 

I the foil without any deflection. However, 

; a few particles were deflected at very 

I large angles. Account for Rutherford's 

I results. 

» 

I (Hint: An a particle with its positive 

! charge will be deflected from its orig- 

: inal path only when it comes very close 

: to the positively chmrged nucleus. ) 

« 

* 


A-7 The nuclei occupy only a very small • Q-8 Iron has an atomic weight of 55. 8 and a 

part of the total volume of the foil. : denisty of 7, 86 grams per cubic centi- 

The atom consists of a positively : meter (cc). What volume does each iron 

charged nucleus of small size and high i atom occupy? 

mass. Most of the al{^a particles can ! 
go through the thin foil without encoun- : 
tering any of the nuclei of the foil, and • 


A-8 


consequently, are not deflected. How- i 
ever, a few a particles will come very | 
close to the high concentration of posi- i 
tive charge and mass of a foil nucleus. | 
The nucleus is relatively Immovable * 
because of its high mass. As the like | 
charges get closer together, they repel j 
each other, causing the a particle to * 
swerve from its original {»ith. f 


58.8.»^l iHiwie- I Icc I 

iHBsele- 6.0ix lO^^atom 7.86-f-Fe- | 

» 

i 

• 1 . 18 X 10"** cc/atom | 

I 


Q-9 If an iron atom is si^ierical in shape and 
its volume is 1. 18 x 10"*® cc, what is 
the radius of an iron atom? 

(V = 4/3 irr») 





82 


atomic structure 


A-9 3 _ 3(V) 

4ir 

Q-10 The nucleus of a lead atom has a diam- 
eter of approximately 1 0 x 10 “*8 cm. 
Lead has an atomic weight of 207. 21 and 
a density of 11 4 grams per cc. If a 
lead atom is spherical in shape, how 
many times larger is the diameter of 
the lead atom than the diameter of the 
nucleus 7 

^ 3 /( 3 ) (1 18 X 10-23 cc) 

V 47r 

= 1 41 X 10-8 cm 

A-10 Calculate the volume of a lead atom 



207 21-fr-Pb- 

1 cc 

1 mole-Pb 

l-mele-Pb- 

11 4-g^ 

6 02 X 10'^8 atom Pb 


= 3 01 X 10-2® 


cc 

atom Pb 


Calculate the diameter of a lead atom 

d 


Tr ^ 3 

V =y7rr 


r =- 


4 /d\3 4 d^ 1 ,3 

,, , g ^ 6(3 01 ^ cc) . 5 ,, 5 , 

IT 0 

d = 5 75 X 10-23 cc = 3 86 X 10-8 cm 

Calculate the ratio of the diameter of 
the atom to the diameter of the nucleus. 


diameter of atom 


3 86 x 10-8-6m. 


Uiaiiictci KJI %) OU A J.U « a ^a5 oaa aaa 

^ - ametlr rt nucleu s =TTT1FW:5S= 3.9x10* = 390,000 


Q-11 The nucleus of a platinum atom has a 
radius of 5. 0 x 10“** cm. Platinum has 
an atomic weight of 195. 2 and a density 
of 21. 4 grams per cc. If a platinum 
atom is spherical in shape, how many 
times larger is the radius of the plati- 
num atom than the radius of the nucleus? 




A-11 Calculate the volume of the platinum 
atom. 


195 

1 -mote- 

1 cc 

l-molo • 

1 ^, 02 X 10 ^^ atom 

2l.4t-pt- 


51 X 10“*8 cc/atom 


Calculate the radius of the platinum 
atom. 

.3 _ 3V _ 3(1.51x10-28 cc) 

iioii — 


. ifm 51 X 10-28 cc) 

V “ 1. 53 X 10“8 cm 


Calculate the ratio of the radius of the 
atom to the radius of the nucleus. 

radius of atom _ 1.53x 10-8.em _ , 
radius of nucleus ■■ 5.0 x 10-**.fi«i " • * * 
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S-2 The atomic number of an element is equal to the number of protons in the nucleus of an atom 
of the element The atomic number is characteristic of the element (The atomic number 
of iron IS 26. ) 

The mass number of an atom is an integral number used to indicate the approximate nuclear 
mass of an atom It is equal to the sum of the number of protons and neutrons in the nucle- 
us These quantities can be represented by writing the chemical symbol as 

A-y 

Z-A. 

where X is the symbol for the element, A is the mass number (protons plus neutrons), and 
Z is the atomic number (protons). 




A-12 Neon, Ne 


: Q-12 What element has 10 protons in its 
: nucleus? 


^ « w « A Ml # «i » lit « m M ^ PI «i w n « n HI « ^ ^ ^ m 


5 Q-13 What is the atomic number of Bi ? 


A- 13 83 


s Q-14 What element has an atomic number of 
* 28? 


A-14 Nickel, Ni : Q-15 What is the mass number of oxygen-16? 

A-15 16 ! Q-16 How many protons and neutrons does 

I oxygen-16 contain? 


A- 16 8 protons and 8 neutrons 


m 

J Q-17 How many protons and neutrons does 
5 lead-207 have? What is the mass num- 

1 ber of lead-207? 




A- 17 82 protons and 125 neutrons 

mass number » 207 


I Q-18 Give the atomic symbol for zirconlum-91, 


Including values for A and Z. 


« 

I Q-19 Give the atomic symbol for arsenic-75, 
mass number ■ 91 S 


A-18 J‘ Zr 


atomic number > 40 


{ 

A-19 J|Aa I Q-20 How many protons and neutrons does an 

I element which is represented by the 




symbol 
have in its nucleus? 


13! V 


A-2Q 56 protons and 69 neutr(ms 
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S-3 Atoms with ditferent numbers of neutions but the same number of protons are called iso- 
topes They have the same atomic number but different mass numbers 



Give the symbol foi another possible 
isotope of 

14 

7 


Give the symbol for another possible 
isotope of 



S-4 Atoms with the same mass number but different atomic numbers are called isobars. 


A-23 The atomic number would be different 
and the mass number the same. 




m 

* 

A-24 The atomic number would be different f 
and the mass number the same. : 


Q-23 Give the symbol for a possible isobar of 


Q-24 Give the symbol for a possible isobar of 





S-5 Most elements do not exist as a single isotope, but are actually a mixture of Isotopes. For 
example, oxygen is a mixture of isotopes of mass number 16, 17, and 18. The composition 
of naturally occurring oxygen is 

isotopic mass {actual mass of isotope) 


= 99.757% 

0 

15.9949 

"0 = 0.039% 

16.9991 

= 0,204% 

17. 9991 


The atomic mass Is the average mass of the isotopes as they occur in nature. 

For oxygen, atomic mass * (15.9949)(0.99757) +(16.9991)(0.00039 + {17.9991)(0.002(M)« 15.099 


atomic structure 


85 



A-25 


16 protons, 16 neutrons 
16 protons, 17 neutions 
16 protons, 18 neutrons 
16 protons, 20 neutrons 


Q-25 


Sulfur exists as four naturally occuri ing 
isotopes with mass numbers 32, 33, 34, 
and 36 Give the atomic symbol for each 
and tlie number of protons and neutrons 
present 


Q-26 Magnesium has three naturally occurring 
isotopes with isotopic mass and relative 
atnindance of 23 98 (78 60%), 24 98 
(10. n%), and 25 98 (11. 29%). Find the 
tiue mass of the isotopic mixture. 


A-26 atomic mass - (23.98)(0.7860) » (24 98)(0.1011} i- (25 98)(0. 1129) 24.31 

(This is the value that appears on the periodic table, ) 






A-27 greater 


Q-27 


The element Cd has an atomic mass of 
112, 40. The meat abundant isotope is 
Cd. Would other isotopes present in 
naturally occurring Cd have mass num- 
bers greater, equal to or less than 112'^ 


Q-28 Calculate the aveiage mass of naturally 
occurring lithium, Li, if it contains | Li 
and ^Li having percentage abundances of 
7. 40 and 92. 60, respectively, The 
masses of « Li and J LI are 6. 0167 and 
7.0174, respectively. 




A.28 atomic mass « {0.0740){6.0167) + {0.9260)(7.0179) r 6.94 



S-6 Since the nucleus is made up of neutrons and protons (nucleons), its mass should be equal to 
the sum of the constituent protons and neutrons. However, when a stable nucleus is formed, 
the actual mass of the nucleus, M, Is always less than the sum of the masses of the nucleons, 
M'. This difference is known as the mass defect. 

AM » M’ - M 

This mass defect has been attributed to the packing of nucleons Into tiny elements of volume. 
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Q-Z9 The ist)toi>ic ma.sH ih usu.mv expressed 
m atomic mass uiuts (amu). the mass of 
an atom relatne to the mass of a carlxin- 
12 atom 

In calculating the mass di'fect. the mass 
of the nuch'ons must Ix' expressed in the 
same units as the isoinpie mass The 
conversion factor is expressed as 

6 0229 X 10’^ amu I g 

The mass of the proton is I 6724 x 10"*% 
Calculate the mass of the proton in amu. 


A-29 


mass of proton = ■ 


1 6724 X 10-2<-# 

6.0229 X 10^* amu 


1 ie 


1.0073 amu 


Q-30 Tlu’ mass of the neution is 1.6747 x 
K’ 

tron in amu 


10”’* g, Calculatf Ihi* mass of the neu- 


**»*#* #*••*###♦♦•****♦ '*•***’»#»**♦*#**#•#*> 


A-30 


mass of neutron 


1.6747 X 10“=** -gf 

I 6. 0229 x 10'^ amu 


I lit 


I 00H7 amu 


Q-3! Calculate the mass (in amu) of the 

nucleons for Iht helium. Jlie, nucleus 
by addtUK logeihei the masses of the 
protons and neutrons, 




A-31 2 neutrons 2 protons 

M' = 2(1.0073 amu) + 2(1.0087 amu) 
= 4, 0320 amu 


Q>32 If the helium nucleus has an at tual mass 
of 4,0015 amu. taleulale the mass defect. 


A-32 AM = M’ - M I Q.33 

AM = 4.0320 amu - 4. 001 5 amu 
= 0 0305 amu 


What corriH'iion must l»e made to the 
isotopic mass of the fluoi me ’’ V atom 
before the mass defe* t of the (lutoine 
nucleus can Is' caUulateil*' 




A-33 The mass of the electrons must be sub- 
tracted from the Isotopic mass. This 
leaves the mass of the fluorine nucleus, 


Q-34 What Is the mass of an elm !rt»ti in amu? 
(9. I X 10 ’* g) 




9.1 X I0*®«if 

6. 0229 X lO^^ amu 


r It 


0. 00055 amu 


« t « V M « H H « 


A-35 Fluorine has 9 electrons. 

M » mass of ‘I F nucleus 
* 18. 9984 - 9(0.00056) 

= 18, 9984 - 0. (M)60 « 18. 9934 amu 


Q-35 The isotuptc mass of fiuoime, F, is 
18. 9984 amu What is the mass uf the 
'I F nucleus 


• e« s e# ♦♦♦*##♦ iHS **♦«♦*##*•♦# s #s • iMiiS e## e s #*• 


Q*36 If the Isotopic mass of aluminum UAl is 
26 9819 amu. what is the mass defect 
for the aluminum (27) nucleus’^ 
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A-36 Aluminum 13 protons 

13 electrons 

14 neutrons 

M = mass of \l A1 nucleus 
= 26.9815 - 13(0.00055) 

= 26 9743 amu 

M’= 13(1.0073 amu) + 14(1 0087 amu) 
= 27 2167 amu 

AM = M' - M = 27. 2167 - 26. 9743 
= 0 2424 amu 


A-37 Vanadium: 


M 


23 electrons 
23 protons 
28 neutrons 


50. 942 - 23(0,00055) 

= 50. 929 amu 

M'= 23(1.0073 amu) 4 28(1.0087 amu) 
= 51. 4115 amu 

AM = M' - M = 51.4115 - 50.929 
3 0. 482 amu 


Q-37 If the isotopic mass of vanadium is 
50 942 amu, what is the mass defect for 
the vanadium (51) nucleus? 


) MA « M M M (I «« M •»«« at W «•; II Ilk M ««*««•<«• M 






Q-38 What is the mass defect for arsenic (75) 
if the isotopic mass is 74 9216 amu? 


A-38 Arsenic: 33 electrons 
33 protons 
42 neutrons 

M 3 74.9216 - 33(0.00055) 

3 74. 9035 amu 

M‘= 33(1.0073 amu) 4 42(1.0087 amu) 
» 75. 6063 amu 

AM 3 M' - M » 75.6063 - 74.9035 
3 0. 7028 amu 



S-7 The mass defect is the mass lost in the synthesis of any nucleus from its component parti- 
cles. This mass is lost in the form of energy. The amount of energy which is equivalent to 
the loss in mass is given by the Einstein relation 

E » me* 

TTie terms are E » energy released 

m 3 AM 3 mass defect 
c 3 velocity of light (3.00 x 10*® cm/sec) 


This energy - equivalent of the mass loss is called the binding energy. The greater the 
binding energy per nucleon (proton or neutron), the greater tie stability of the nucleus. 
For the problem In Q-38, the amount of energy released in forming one nucleus of arsenic - 
75 from its component particles (binding energy) can be calculated. The mass defect is 
0.7028 amu which correspemds to 1.167 x 10"** g/nucleus. 

S « me* 


E » (1.167 X 10'** g/nucleus) (3,00 x 10*® cm/sec)* 

■ bleak s 
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The energy unit used is the erg 
Therefore, 


g-cm^ 


1 05 X 10“^ = 1 05 X 10"'^ erg 

sec2 


Q-39 Calculate the binding encigy for the 
nucleus of an aluminum atom, given 
that the mass defect is 0 2424 amu 


A-39 


mass lost = 


0 2424 amu 

1 S _ 

nucleus 

6 023 X 


4 024 X 10"^® g/nucleus 


E = (4 024 X 10"^® g/nucleus)(3 00 x 10*® cm/sec)^ 

,2 


= 3 62 x lO"'*- 


g-cm^ 


sec^ -nucleus 
= 3 62 X 10"^ erg/nucleus 


Q-40 Calculate the binding energy for the 

nucleus of a vanadium atom, given that 
the mass defect is 0 482 amu. 


A-40 


mass lost =- 


0 482 amu- 

1 g 

nucleus 

1 6 023 X 10*^'^-a»Mj- 


E = (8 00 X 10"^® g/nucleus) (3 00 x 10*® cm/sec)^ 
= 7. 20 X 10"^ erg/nucleus ; q 


What is the binding energy for one mole 
of 'Is I atoms if the mass defect is 
1.156 amu/nucleus 


A-41 


mass lost = ■ 


1 156-aaw- 

1 g 

6 023 X 10^®Hft«e4e4- 

■ nucleus 

6 023 X ib^^-amu- 

mole 


1. 156 g 'mole 


E = (1 156 g/mole)(3 00 x 10*° cm/sec)^ = 1.04xl0’‘ 
= 1 04 X 10^* erg/mole | 

Q-42 


g-cnr 

sec^-moie' 


This IS equivalent to the amount of 
energy needed to raise the temperature 
of 1,000,000 tons of water 100°C. 


What is the binding energy far one mole 
of Al atoms if the binding energy for 
one nucleus is 3.62 x 10’* erg'^ 


A-42 



N 

E = 3.62 X 10-* 

erg/nucleus i Q-43 

3.62 X 10"* erg 

6.023 X 10®®-«w©le4. ! 

■nucleug 

i mole ; 


= 2. 18 X 10^® erg/mole 


A-43 


Arsenic: 33 protons 
42 neutrons 
75 nucleons 

i nr: 

E = 


» 

* 
: 


Q-44 


The binding energy per nucleon (proton 
or neutron) gives the relative stability 
of one nucleus to that of another. Cal- 
culate the binding energy per nucleon 
for As. The binding energy per 
nucleus is 1. 05 x 10"® erg. 

Calculate the binding energy per nucleon 
for IJAl, given that the binding energy 
per nucleus is 3.62 x 10"* erg. 


1. 05 X 10"® erg 

1 nuoIcuB 

■wtcleuS' 

75 nucleons 


= 1. 40 X 10“® erjj^nucleon 




A-44 Aluminum: 13 protons 
14 neutrons 
5*7 nucleons 


E 


Q-45 


Calculate the binding energy per nucleon 
for *11 1, given that the binding energy 
per nucleus is 1.73 x 10"® erg. 


3. 62 X 10"* erg 

1 -fHielouo 

•nucleus 

^7 nucleons 


1 34 X 10~® erg/nucleon 
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A>-46 Since the more stable nuclei have 
higher binding energy per nucleon, 
mass number of the most stable nu 
cleus corresponds to the maximum 
point on the graph (50-65). 


the 


Q-47 


Which nucleus would you predict is 
more stable, Be or Cr? 






A-47 Cr is more stable than Be. Cr lies 
higher on the binding energy curve. 




Q-48 


Which nucleus would you predict is 
more stable, Ni or I? 


A-48 


Nl is more statue. Ni lies higher on 
the binding energy curve. 



8-8 Attractive and repulsive forces exist in the nucleus. The attractive forces, which tend to 
stabilise the nuclws, exist between neutrons and protons, and are due to energy exchange 
between these particles. The repulsive forces, which decrease the stability of the nucleus, 
exist between protons because like charges repel each otter. The nucleus mmi ^ 
bitliiiict bttwffit th#i® two fotC 0®4 Sinc6 oEch proton End noutron would b6 taking 
thf tntfiy proctsii tht maidmuiifi attractlvo forco should be present when there 

are eoual numbers oi protons and neutrons. In a stable nucleus, the number of protons for 
a gi^n number of neutoons is limited by the reswlsive forces, to nuclei containing few pro- 
tons (atomic number less than 20). the attractive force wUl predominate. In nudei cod- 
ing many protons, the repulsive force will become increas ngly *«P®*’*f 
Importance of ttese two forces is mcpressed 1^ the neutron to 

ctotts. Tlili ratio wUl be approodmately one for atomic numbers leas than 20, ai^ for 
a^ie mSbers greater thanS) it will increase slowly to a value ^ ateut 1.5 for atom c 
number 80. A grapb of th« number-of neutrons vs. the atomic number for stable nuclei is 

shown on the followii^ page. 

To determine the WP ratio, locate the value of P on s^id line obtain the corre- 
eponding value for N on the y-sxie. Ettvide this value of N by the value of P. 




A-49 Carbon has an atomic number less than 
20. It should have a N/P ratio of 1 
This IS true for the isotope C (6 pro- 
tons, 6 neutrons) 

A- 50 From the graph, the value is about 1. 5 
(^IfHf, 72 protons, 106 neutrons) 

The calculated value is 106/72 = 1.47. 


A- 51 From the graph, the value is about 1.3. 
(^IJXe, 54 protons, 70 neutrons) 

The calculated value is 1. 30. 


A- 52 It would lie either above or below the 
solid line on the graph. 


A- 53 Low binding energy. An unfavorable 
N/P ratio would mean an unstable 
nucleus. Since binding energy is a 
measure of the stability, low stability 
would mean low binding energy. 


Q-49 


Using the graph given in S-8, determine 
the N/P ratio for the isotope C, 

What is the actual N/P ratio? 




Q 


•50 Using the graph given in S-8, determine 
the N/P ratio for the hafnium isotope 
‘^fHf. What is the actual N/P ratio? 


Q-51 Using the graph given in S-8, determine 
the N/P ratio for the xenon Isotope, 
‘*JXe. What is the calculated value? 


Q-52 Where would the value for an unfavorable 
N/P ratio lie on the graph in S-8? 


Q-53 Would a nucleus with an unfavorable 
N/P ratio have a high or low binding 
energy? Why? 
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S-9 Nuclei with values of N/P that deviate from the solid line on the graph are unstable They 
become stable by readjusting an unfavorable N/P ratio to a more favorable one This spon- 
taneous process gives rise to the phenomenon called radioactivity The nucleus may lower 
its N/P ratio by emitting an electron (beta, /3, particle) This increases the charge on the 
nucleus by +1 but does not change the mass number (A neutron can be considered to be 
made up of an electron and a proton Thus, when an electron is emitted from the neutron, 
a proton remains, n -*■ p + /3") Neutron emission would also lower the N/P ratio, but such 
emissions do not naturally occur 


Q-54 What is the symbol for the nucleus re- 
maining after Cl undergoes beta 
emission? 


A-54 fgAr 


Q-55 


A-55 \]Sc 


Q-56 


What is the symbol for the nucleus 
remaining after Ca undergoes beta 
emission? 


What is the symbol for the nucleus 
remaining after Nb undergoes beta 
emission? 



S-10 If necessary, the N/P ratio may be increased by positron emission, A positron is an elec- 
tron with a positive charge. In effect, a proton emits its positive charge, thus becoming a 
neutron. Therefore, the emission of a positron changes the charge by -1 but does not change 
the mass number, (p n + j3+) 




5 Q-57 What is the symbol for the nucleus 
i remaining after Nd undergoes positron 

s emission? 


A- 57 ijJPr 


I Q-68 What is the symbol for the nucleus 
I remaining after If Co undergoes positron 

I emission ? 



S-11 • N/P ratios greater than one may be increased by emission of helium nuclei (which contain 
two protons and two neutrons) called al|te Oz) particles. This emission changes the charge 
by -2 and the mass by -4. 
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Q-59 What is the symbol for the nucleus 

remaining after Ba undergoes alpha 
emission*? 

A- 59 “4xe j 

Q-60 What is the symbol for the nucleus 

remaining after ^I^Sb undergoes alpha 
emission*? 

A-60 iifiln I 

Q-61 The N/P ratio for a nucleus containing 

40 protons is 1. 2 Calculate the num- 
ber of neutrons present in the nucleus 

A-61 N/P = 12 I 

N/40= 1 2 1 

N = (1 2)(40) = 48 \ 

Q-62 What IS the N/P ratio for the nucleus 
in Q-61 after it undergoes 

a) beta emission 

b) alpha emission 

c) positron emission 

A-62 a) N/P = 47/41 = 1 15 j 

b) N/P = 46/38 = 1 21 ! 

c) N/P = 49/39 = 1 26 j 

Q-'^3 A nucleus has a mass number of 155. 
What IS its mass number after alpha 
emission? 

A-63 151 j 

A-64 41 j 

Q-64 A nucleus has an atomic number of 40. 
What is its atomic number after beta 
emission? 

Q-65 A nucleus has a mass number of 137, 

What is its mass number after positron 
emission? 



A-65 137 









S-12 Particle emission by a nucleus can be written in the form of an equation. For example, 
beta emission from C would be written in the form 

“C - +Je 

From this equation it can be seen that the sums of the mass numbers on each side of the 
arrow are equal for the balanced equation (14* 14 + 0). The sums of the charges (protons) 
are also equal (8=7- 1), For alpha emission the equation would be written 

- mHi. + ‘He 

The sums of the mass numbers on each side of the arrow are equal (228 » 222 + 4)/ *nie 
sums of the charges are also equal (88 = 86 + 2). 


Q-66 Write a balancedbJfuation for beta 
emission from U. 


miaaw* »«eii w e nmmMmmm rnmmMmmmmmmmMmmmmmmmmtm 
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A-66 23* U - 234 Np +_0e 

Q-67 Write a balanced equation for beta 
emission from sulfur -3 6 

A-67 ^gS-26Cl+.“e 

Q-68 Write a balanced equation for positron 
emission from Ne 

A-68 J^Ne - 

Q-69 Write a balanced equation for positron 
emission from magnesium -23 

A-69 Mg — 2^ Na + e 

Q-70 Write a balanced equation for alpha 
emission from 2||U. 

A-70 238u 234 Th + *He 

I 

Q-71 Write a balanced equation for alpha 
emission from actinium (Ac -227). 

A-71 ^llAc ■* 2pFr + ^He 



S-13 Just as mass is lost in packing the nuclear particles into a nucleus, mass may be gained or 
lost in a nuclear transmutation (reaction). The energy associated with this mass is very 
large (E = mc^). Therefore, nuclear reactions are accompanied by a tremendous absorp- 
tion or release of energy. This may be indicated by including an energy term, Q, in the 
equation, as for example 

««U - «}Th + jHe + Q 

Q may be positive or negative, depending on whether the reaction is exoergic (positive) or 
endoergic (negative). 


Q-72 When one mole of *^|U emits alpha par- 
ticles, 1.0 X 10‘® ergs of energy is re- 
leased. How much energy is lost when 
0. 50 mole of *||U emits alpha particles? 


l.Ox 10** erg 

0. 50 mole 






5. 0 X 10** erg 


Q-73 In the above problem, how much energy 
is lost when 1. 0 x 10" atoms of 
emit alpha particles? 


f- 




A-73 


1.0 X 10*® erg 

t Wt i\t £L 

1.0 X 10*^iiet»fr 

t 

ill 

» 1.6x1 

.0"® erg 

f i 

) 

i 

1 

( 

! Q-74 

! 

t 

i 


In the above problem, how much energy 
is lost when 26. 0 grams of *||U emit 
alp^a particles ? 


A-74 


l.Ox 10*® erg 

*1 .ja&i&ljCL 

26.0-g^J- 


238-t<4iP 



1. 0 X 10** erg 
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S-14 It IS possible to convert one nucleus into another by artificial means Thus, nuclear re- 
actions may be carried out in a manner analogous to chemical reactions The first such 
reaction observed was that resulting from collisions of nitrogen atoms and alpha particles 

+ fHe - 

In discussing nuclear reactions, it is customary to employ the notation 

M(a,b)M' , 

where M and M' are the starting and product species, respectively, a is the bombarding 
particle, and b is the emitted particle (if any) Thus, the reaction above may be written 



Q-75 Write in both nuclear reaction form and 
shorthand notation an equation to illus- 
trate the reaction of boron- 10 with an 
alpha particle to form nitrogen-13 and 
a neutron. 

A-75 “B + ^He - + Jn 

ia, n) 

Q-76 Write an equation to illustrate the re- 
action of oxygen-18 with a proton to 
form fluorine- 18 and a neutron, both in 
nuclear reaction form and in shorthand 
notation. 

A-76 + ‘n 

180 ({H, n) 18 f 

Q-77 Write an equation to illustrate the re- 
action of rubidium -8 5 with a neutron to 
form krypton-85 plus a proton. 

A-77 85 Rb + In - 385 KJ. ^ ijj 

Q-78 It has been found that in the reaction of 
nitrogen- 14 with an alpha particle to 
form oxygen and a proton, 1. 8 x 10"* erg 
of energy are absorbed per nucleus. 

Write an equation which includes the 
energy exchange to illustrate the reaction. 

A-78 i^N+^He- 

iJO + - 1.8 X 10“8 erg/nucleus 

A-79 E = mc^ 

Q-79 The reaction between two protons and 
two neutrons to form a helium nucleus 
is accomi^ied by a mass loss of 

5. 0 X lO"*^® gram per nucleus formed. 
Write the nuclear reaction including 
the energy exchange. 


= (5.0 X 10'^® g/nucleus)(3.0 x cm/sec)* 

, i i 

sec^ -nucleus • 

= 4. 5 X 10~® erg/nucleus : 

2(jH) + 2(Jn) -* ^He + 4.5 X lO"® erg/nucleus 


5 QJBO H the reaction of boron- 11 with a proton 

i yields carbon-11, what Is the oilier 

particle given off by the reaction? 

— 
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A-80 + |H - + In 

Q-81 If in the reaction of fluorine-19 with a 
neutron, nitrogen- 16 is formed, what 

IS the other particle given off in the 
reaction”? 

A-81 + In - i8n + |He 

Q-82 Write the nuclear reaction for 
(n, 2n) 

A-82 ‘‘N + + 2(‘n) 

Q-83 Write the nuclear reaction for 

II A1 (?, a) I^Mg . 

A-83 5JA1 + }H - ;*Mg + jHe 

Q-84 Write the nuclear reaction for 

II A1 (o, |H) ? 

A-84 II A1 + ^He - |JSi + {H 

Q-85 Write the nuclear reaction for 

(|H, n) »N. (|H = deuterium) 

A-85 «|C + |H - ‘|N + In 



PART II; Electronk; Structure and Spectra 


S-l Since die arrangement of electrons determines the chemical and physical properties of an 
element, it is extremely important to know the electronic structure of an atom. In this sec- 
tion, spectroscopic observations will be used to construct a model for the atom and to show 
how this model can explain the chemical and physical properties of the elements. Before 
considering electronic structure, some properties of light must be understood. Many prop- 
erties of lig^t can be explained by assiuning that light behaves as a wave. A diagram of a 
wave with its essential features labeled is shown below. 

X <■ wave length « distsmce that the wave 
moves during one cycle « cm/cycle 
A ■ wave amplitude » the maximum dis- 
turbance from the horizontal axis 
T ■ period ■ the time for one complete 
cycle » sec/cycle 

V ■ frequency of oscillation » the number 
, of cycles that occur in every second » 
cycle/sec ■ 1 /t. 

When speaki^ of X, r, and v the word cycle is understood and is not a unit of measure. 
Tims, X is measured in cm, r is measured in sec, and v is measured in sec’^ 
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ftmmmmmmmmmmm 

Q-1 

V..r 

If a wave has a period, t, of 0.005 sec- 
onds, what IS its frequency 

A-1 

j, _ 1 _ 


Q-2 

If a wave has a frequency of 1 x 10® sec"', 
what IS its period? 


~ T ” 

'O"0"O5‘sec - sec 


A-2 

1 


Q-3 

If a wave has a period, t, of 2,0 x 10"® 


^ ~ ” 

.rf <4 Aft -T? — X A XU oCU 

1 X 10“ sec ^ 


sec, what is its frequency? 

A-3 

1 

^ ^ 0 IT 10^ src“^ 

R 

1 / = ~, where v is the frequency of the 
wave and t is its period. 


i, -~ = 

2.0 X 10"® sec 



S-2 The relationship between wave length (x) and frequency (i^) for a light wave is given 1^ the 
equation 

Xv = c 

where c is the velocity of light (3. 0 x 10'® cm/sec). 


Q-4 The frequency of a wave of light is 
1. 0 X 10® sec"', What is the wave 
length for this wave ? 


A-4 ^ c 3 0 X 10'® cm 

Bee- 

~ u ~ -see- 

3 0 X 10'® cm „ , 
' 1.0 X 10® “ 

1 X 10® 

0 X 10® cm 

A-5 _ c _ 3.0 X 10'®-e*ft- 1 


~ X " sec 1 

= 1. 5 X 10' sec"' 

2.d X ib^HHH" 


Q-5 If the wave length of a certain wave of 
light is 2. 0 X 10* cm, what is the fre- 
quency of this wave? 


Q-8 The wave length of green light is about 
5 X 10“® cm. What would the wave 
lei^th be in Angstrom units (A) if 
1 A * 1 X 10"® cm? 


A-6 




A-7 


n 
« 

: Q-7 If the wave length of green light is about 
! 5000 A, what is its frequency ? 


5 X 10"® -6»- 

O 

1 A 


10"®.©*». 


1/ 


3.0 X 10'® -e» 


iX 

sec 

5000-Ar 

10"®-«Br 


Q-8 If the period of a light wave Is 

2.0 X 10“'® sec, what is the length of 
this wave in Angstrom units 7 


= 6.0 X 10'^ sec"' 


A-8 




V = 


1 


X = -r = 


2 0x i(P® sec = 5.0 X 10® sec"'* 
3‘.0 X 10'®-eaft- ( -se e- 1 1 A 

■see 1 8.0 X 10® I lO'^-eST 


3 X 10'®A ^ ? 

T CT x i6»Kl<i"8) “ ^ 
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S-3 Light can also be regarded as being corpuscular Instead of an oscillating wave as de- 
scribed previously, light can be considered a stream of energy packets or particles travel- 
ing with a high velocity (3.0 x 10i« cm/sec) These energy packets are called photons Some 
physical properties of light are best explained by the wave nature of light and others are best 
explained by the particle nature. Thus, light is said to be dualistic in nature The theory 
used is that which best pertains to a particular experiment. The frequency (p) of the wave 
theory of light can be related to the energy packets (E) of the particle theory of light through 
Planck's aquation- ^ 

Where h is Planck's constant, a proportionality factor whose value is 6. 63 x 10"^^ erg-sec 
(erg = g-cmVsec*) 


: Q“9 Find the energy of the photons which 
; corresponds to light of frequency 

; 3.0 X 10^® sec“^ 


J 


8.83xl0"”erg-«ee- 

3.0 X 10'® 




= 2.0 X 10“'^ erg 

M « « « » # # 41 W « # # A M W ^ « W « f tt M » « 

A-10 


! Q-10 Bind the frequency of light that corre- 
I spends to photons of energy 5.0 x 10"® 

erg. 


2 5.0 X 

h ■* '6^63' x''” 





a 7. 5 X 10*' sec"' 
A-n E a ht/ 


I Q-11 From the equation for energy, E » hy 
; and Xu B c, relate energy to wave length. 


1/ m 


E a h“y 


Q-12 Calculate the wave length of light that 
has the energy 2. 6 x 10"** erg. 




A-12 


he 


X • 


he 


I Q-i3 What is the energy of photons with wave 
* length a 0. 50 A ? 


6.63 X l0*”-e»f-eee 

3.0 X I0'®cm 

2.6x 10“***eef 

Hlf’V 


• 7.6 X 10"* cm ■ 7600 A 

E • ht' 


8.63 X 10"” erg-«e# 

3.0 X 10'® 

0.50 X lO"* ■#» 

4.0 X 10“* erg 




S-4 


Wave number, T, is a wave characteristic that is proportional to energy and is defined as 
the number of waves per centimeter. 



■■■a 

I 


Q-14 Show thatF is i«roporUonal to energy. 
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A ._14 c ! Q-15 What is the wave number for light with 

E = ^ j a wave length of 2 0 x 10*® cm 

I I 

Therefore, E = hc-y i 

J s 

Since -J- = F, E = (hc)i' i 

« 

he = constant ! 


A-15 

^_1 1 

5 Ox 10-** 

i 

M 

\ Q-16 

What is the wave number for light with 
a wave length of 4000 A 9 


' ~T ■ 2 Ox 10*® cm " 

cm 

■ 

a 

M 

• 

■ 

■ 

A-16 

_ 1 . 

0 

1-A- 

2 5x10^ cm"* 

■ 

j Q-17 

m 

« 

■ 

M 

■ 

a 

a 

a 

a 

What is the energy of photons that cor- 

^ ~ X '"4000-7\- 

10-« cm" 

responds to a wave number of 

2.5x 10-5 cm-*? 

A-17 

E = (hc)F 

6 63 X 10“^^ erg-see- 

3 X 10*®-6flft- 

a 

a 

a 

a 

a 

2 5 X 10-5 

- = 5 0 X 10"*^^ 




^£LCi£L 
"CJ \J 







pj 



S-5 When continuous light (i e , light which consists of all possible wave lengths within a given 
rar^e) is passed through a prism, the light is dispersed into its component wave lengths. 
When these dispersed wave lengths are passed through cells containing samples of atomic 
vapors, it is found that the emergent light is no longer continuous. Some of the light waves 
have interacted with the atoms in the cell. The missing wave lengths can be measured by 
permitting the dispersed beam of light to fall on a photographic plate. This procedure is 
called absorption spectroscopy and the recorded image is called a spectrum. Absorption 
spectroscopy is illustrated by the following diagrams: 



continuous prism sample photo- 

light source cell graphic 

plate 


photographic plates (spectra) 



no sample sample in cell 

in cell (soma wave lengths missing) 

The sequence of missing lines is characteristic of the atoms in the 'sample cell and differs 
from the spectrum of any other atom. 


9 

9 

t Q-18 What reason can you give for the missing 
! • wave lengths on the photograj^ic plats 

• obtained in absorjl^lon spectroscopy? 
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A-18 The light must interact with the atoms 
and be absorbed. 


A- 19 Each different type of atom interacts 
differently with light to absorb a spe- 
cific wave length of light. The wave 
length absorbed is characteristic of 
the absorbing atoms. 


Q-19 What reason can you give for the spec- 
trum of each type of atom being different? 


Q-20 An atom interacts with light by absorb- 
ing an amount of energy equivalent to a 
given wave length of light. If the spec- 
trum of an atom has a line missing at 
4000 A , what energy does this atom 
absorb? 



; Q-21 An atom is known to absorb energy of 
I 3.0x10“** erg. In the spectrum of this 

i atom, where would there be a missing 

I wave length? 



I Q-22 An atom is known to absorb energy of 
I 5. 0 X 10"** erg. In the spectrum of 

f this atom, where will there be a missing 

I wave length ? 



S-8 Emission spectroscopy is very similar to absorption spectroscopy. Atoms tihat are sub- 
jected to a strcmg electrical potential will emit a characteristic glow. Tlte light given off 
by these atoms can be analysed by allowing the light to pass through a prism and then onto a 
photographic plate. The photographic idiate or spectrum shows lines only at wave lengths of 
light which are emitted by the atoms In the discharge source. 


photographic piatat (ipacira) 



(Maohargaaoupoe (Naoharga aourai 

tumadoff fumadon 
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It IS interesting to note that, for a given type of atom, the wave lengths recorded on an 
emission spectrum are the same as the wave lengths missing on an absorption spectrum 


Q-23 An atom is known to absorb and emit 
energy equal to 6 0 x 10“'^ erg. At 
what wave length and wave number would 
a light wave (emission) or a missing 
light wave (absorption) be obtained in 
the spectrum ? 


A-23 


E 


X 


A-24 


E 


V 


he 

X ^ 



X 

^ -w 



6 

63 X 10"** -6¥g-«ec- 1 3 

0 X lO*® -em 

o 

1 A 


6.0 X 10"*l.«j;g. I 


10"®-6«»- 

1 

' X 

■ 3 3 X lO-** cm “ ^ ® 

X 10® cm"* 

Q-24 



V 


JE 

he 


Q-25 


5 0 X 10"**-e*g- 


6 63 X 

3 0 X 10*® cm 


= 330 A 


An atom is knoivn to absorb and emit 
energy equal to 5. 0 x 10“** erg. At what 
wave number would you find an emission 
or absorption line in its spectrum ? 


The emission spectrum of an atom is 
found to give a line at 5, 0 x 10* cm"*. 
What energy does this excited atom emit? 


A-25 


s 2 5 X lOVcm = 2 5 X 10^ cm"* 


E heV 



S-7 It has been determined experimentally that the wave number of the individual lines obtained 
in the emission spectrum of hydrogen atoms fits a mathematical series given by the formula 

~ - "s) 

where V is the observed wave number, R is a constant (called the Rydberg constant) with a 
value of 109,737 cm“*, and m and n are any integers as long as m is greater than n. The 
emission spectrum of hydrogen atoms consists of several series of lines. The value of n 
determines the senes to which a given spectral line belongs. In each series, the lines be- 
come closer together and reach a limit at m equal to infinity ( -V » o) . 


I Q-26 In the emission spectrum of hydrogen, 
j the spectral series with n equal to one is 

I called the Lyman series and is observed 

I in the ultraviolet r^ion of the spectrum. 

I Calculate the wave number of the spectral 

I line in diis series for a value of m equal 

to 3. 
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A-26 


V = 109,737 cm" 


{“F “f) 


= 109,737 cm-i (1.000 - 0.111) 

= 109,737 cm“‘ (0.889) = 9 76 x 10^ cm"! 



Q-27 In the emission spectrum of hydrogen, 
the spectral senes with n equal to two 
is called the Balmer series and is ob- 
served in the visible region of the spec- 
trum. Calculate the wave number of the 
spectral line in this series for a value 
of m equal to 5 


« 109,737 cm-' (0.210) - 2.30 x I0< cm"' 


i 


Q-28 In the emission spectrum of hydrogen, 
the spectral series with n equal to three 
is called the Paschen series and is ob- 
served in the infrared region of the 
spectrum. Calculate the wave number 
for the limit of this series of lines. 




A-28 limit 1/m* - 0 109,737cm-«(«ir) 

m ♦oe \ a* / 


. 109,757cm-‘ (O.IU) 


«• 1,22 X 10*cm" 


j Q-29 Calculate the wave number for the limit 
of the series of lines with n » 8. 


A-20 limit l/m* • 0 T • 109,737 cm-H4| 
m •» ' ® 


(■i) 






- 109,737 cm"‘ (0.040) 
• I.SOx 10*cm-‘ 


Q-30 Calculate the energy emitted by an ex- 
cited hydrogen atom which gives a spec- 
tral line with values of n aral m equal 
to 3 and 6, respectively. 




A40 


1 . hcT . he (109,737 cm-‘)(-|r --|j) ! 

. (6.03 X 10-« fr|^)( 3 . 0 x i 0 »»W 4 H»)(l 09 , 737 )( 0 .m - 0.040)-s».-‘ 


• 1.59 X 10*'* erg 


Q-81 Calculate the energy emitted by an ex- 
cited hydrogen atom which gives a spec- 
tral line in the ailmer series (n » 2) 
and has a value of m equal to 3. 
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A-31 Balmer senes n = 2 , ^ ; 

E = hcT= he (109,737 cm~^) ■ 

= (6 63 X 10"^^ erg -see) (3 0 x 10^®-e*B/«ee.)(109,737)(0 250 - 0.111)-««»-" 


3,03 X 10-^^ erg 


Q-32 Calculate the energy emitted by an ex- 
cited hydrogen atom which gives rise to 
the limiting spectral line in the Lyman 
series (n = 1). 


A-32 Lyman series n = 1 

limit 1/m^ =0 
m-<-oo 


E = hcF = he (109,737 cm"i) ! 

= (6 63 X 10"^'^ erg-eee-)(3 0 x 10^°. om/ se c )(109,737),««ft.~^ 


= 2 18 X 10-11 erg 


Q-33 Sketch the approximate positions of the 
lines on the energy diagram given below 
when m = 3, m = 4, etc. Will the lines 
be equally spaced? 



increasing E 
increasing X 


A-33 



m=4m=3 m=2 


increasing E 
increasing X 



S-8 Using the spectral information just considered, Niels Bohr constructed a model for the 
electrons in atoms that would explain the emission spectrum of the hydrogen atom. He used 
a new system of mechanics called quantum mechanics . In quantum mechanics, energy is 
quantized, that is, energy is restricted to having only certain values. Therefore, not all 
magnitudes of energy are possible. Bohr’s model of the atom contained three basic postu- 
lates* 

1) electrons move in circular orbits around a central nucleus 

2) only certain discrete orbits are permitted and the electrons radiate no energy 
when they are in these orbits 

3) a quantum of radiation is emitted or absorbed when an electron Jumps from one 
discrete orbit to another. 

Each discrete orbit corresponds to a special energy level. The larger the orbit in which 
the electron moves, the greater the energy associated with the electron. These energy 
levels are numbered, starting with the lowest as 1, the next as 2, etc. The number of the 
energy level, designated by n, is called the principal quantum number. Thus, the energy 
level with n equal to one is the lowest energy level and the smallest orbit. 


atomic structure 


103 


Q-34 Consider two hydrogen atoms A and B 
Hydrogen atom A has an electron with 
quantum number n = 2 while hydrogen 
atom B has an electron with n = 4 In 
which atom is the electron in the largest 
orbit? Which hydrogen atom has the 
highest energy? 




A-34 The answer is B for both questions. 
The larger the value for die principal 
quantum number, the larger is the size 
of the orbit and the higher is the energy 
of an electron in this orbit. 


Q-35 What would the principal quantum number 
be for the electron of the hydrogen atom 
in its ground state (lowest energy state)? 




A>35 n ^ 1 


The ground state would be the state 
where the electron is in the lowest 
available energy levei. 


Q-36 Draw a diagram to illustrate the Bohr 
picture of an atom. Label each energy 
level with the correct value of the prin- 
cipal quantum number, n. (It is not 
necessary to go beyond n = 3. ) 



S-9 An absorption spectrum is produced when light of a certain wave length is absorbed by an 
atom. The light excites an electron from a lower energy level to a higher energy level. 
The wave ien^ of tight absorbed must be such that the energy (E » hcA) is just equal to 
the energy difference between the two energy levels. 

An emission spectrum is produced when an atom, which has been excited to a higher energy 
state, spontaneously emits radiation. Below is a diagram of the fcmr lowest energy levels 
for the hydrogen atom: 



The transiUont observed In an absorpUon spectrum are represented by the arrows upward. 
These transitions correspond to idworption of energy which produces excited hydrc^en atoms. 
The translUons observed in an emission spectrum are represented by the arrows pointing 
downward. Hydrogen atoms In the excited state with n - 4 can emit light corresponding to 
the trsiisittons- 1« to E, (4-5), to E, (4-2), and E* to E, (4-1). After a transition from 
E 4 to E|, bit same atom may emit ll^t again during a 3-2 or a 3-1 transition. Atoms 
continue smlttinf I 4 dit until they again reach the ground state. 


Q-37 




In S-7, it was pednted out that the emis- 
sion spectrum for hydrogen atoms fits 
the equation. 

P' « R I 


yn® m*/ 


In order iar die waee «sMfei«r te.be posi- 
tive, woiid n have lo be lai g iif smaller 


JIlfcM? 
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A-37 n<m 

(n less than m) 

Q-38 A positive wave number corresponds to 
energy being released When an elec- 
tron goes from an excited state to a 
lower energy state, energy is released 
What are the values for m and n for 
the transition from E 4 — Eg 

A-38 n = 2 

m = 4 

Q-39 What do the following notations represent? 

3 - 1 

4—2 

6 - 3 

A-39 3 — 1 transition from E 3 to Ej 

4 — 2 transition from E 4 to E 2 

6-3 transition from Eg to Eg 

Q-40 What are the values for m and n in the 
empirical equation for the emission 
spectrum of hydrogen atoms for each of 
the transitions in Q-39? 

A-40 3 - 1 n = 1 m = 3 

4 — 2 n = 2 m=4 

6—3 n=3 m =6 

Q-41 Consider an excited hydrogen atom with 
an electron in the n = 4 energy level. 

What transitions are possible for this 
atom to reach the ground state (n = 1 )? 
Draw a diagram to help explain. 

A-41 . 

Q-42 An atom emits energy by a 4 - 2 transi- 

n = 3 .. V 

tion. What other transitions must also 

- V. .>r _ 

De presenv in order lO roacn uie ground 
state? 

n = 2 

n =1 



The possible transitions are 

4-1 3-1 2-1 

4-2 3-2 

4 — 3 

An emission line corresponding to any 
one of these transitions could possibly 
be present 



A-42 A 2 - 1 transition is the only way that 
the electron can get to the ground state. 


: Q-43 If an electron at n = 4 emits energy 
i corresponding to a 3 - 1 transition, 

! what other transition must also be 

\ present? 




A-43 4 - 3 The electron must get to the 

n = 3 level by some transition in order 
for the 3 - 1 transition to take place. 


Q-44 An atom emits energy by a 4 - 3 transi- 
tion. What other possible transitions 
may also be present in order for the 
electron to reach the n » 1 level ? 


i 
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Q-50 For the ground state hydrogen atom, 
what IS the energy necessary to cause 
ionization*? (Hint Calculate F, then E } 


A- 50 It IS the energy needed to take an elec- j 
tron from the n = 1 to the n = «> level | 

” I 

E = to ^ 17 =4- i 

i 

= hci^ i 


= hc(109, 737 cm-i)(l) ‘ 

= (6 63 X 10~^^ ergH5ee)(3 x 10^°-6i»/6ee-)(109,737)-ej»~^ 



S-11 While the Bohr picture of the atom explains the spectra obtained for the hydrogen atom, it 
does not explain the spectra of any atom that contains more than one electron. The spectra 
of atoms which contain more than one electron show lines (fine structure) other than those 
predicted from the Bohr theory The Bohr theory presumed that electrons were in orbits 
about the nucleus It is not possible to observe whether this is the case since any measure- 
ment performed to find the position of the electron will influence the electron so as to change 
its position Therefore, electrons cannot be assigned to any particular point of space (an 
orbit) as the Bohr theory presumed. To overcome this difficulty, a new approach called 
wave mechanics is used to describe the electron in an atom. Wave mechanics is a theory 
which utilizes the wave properties of particles to construct equations which describe particle 
motion in terms of probabilities In applying this theory to electrons, the probability equa- 
tions for motion can be used to relate, mathematically, the energy of particles to the prob- 
ability of finding the electron at any distance from the nucleus. The allowable energies are 
obtained in terms of four numbers called quantum numbers. The concepts Involved in this 
theory will be developed over the next several S statements. 

In a manner analogous to the dualistic nature of light (jai^ticle and wave properties), any 
moving particle has a wave motion associated with it. The relationship between the velocity 
and wave length of the particle is expressed mathematically as 

h 

mv =‘-j^ 

where m is the mass of the particle, vis its veloci^, X is its wave length, and h is Planck's 
constant, 6 63 x 10“^^ erg-sec. (erg = g - cmVsec*) 


: Q-52 What is the wave length of an electron 
I moving with a velocity of 4. 4 x l6®cm/ 

; sec? (mass of electron a 9.1 X 10”** g) 

« 
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A-52 


mv 


X =. 


mv 


Q-53 


If the wave length of an electron is 
5. 0 A, what IS the velocity of the elec- 
tron'? 


. (6 63 X 10~^^ erg-sec) 

“ (9 1 X 10"''^“g)(4 4 X 10*cm/sec) 

= 16xlO-»iiS:5«i 
g-cm 

erg = g-cmVsec^ 

X - 1.6 :c 10-« (g-cm'VW)(6^^) 

XXk 

= 1 6 X 10“®cm 


A-53 ^ Jl 
^ " Xm 

- (6.63 X 10"^^ erg-sec) 

" (5 0 X 10"® cm)(9.1 X 10"^®g) 


g-cm 

= 1.4 X 10® fe-cnti'Vsecf^ (•&<>») 

tr —jfii — 

U “VJtrr 


Q-54 


What is the wave length of a ball of mass 
100 g moving with a velocity of 
1.0 X 10^ cm/sec *? 


= 1.4 X 10® cm/sec 


A-54 ^ _Ji_ 

~ mv 

- (6. 63 X 10-^ ergrsecj 

" (100 g)(l 0 X 10^ cm/sec) 

= 6.6 X 10"®^ cm 

No measuring device is known by which 
such small waves can be detected or 
measured. Therefore, the ball does 
not appear to have wave properties. 


Q-55 What is the wave length of a car with 
a mass of 1. 3 x 10® g moving at a speed 
of 1.0 X 10® cm/sec? 


A-55 (6. 63 X 10"®^ erg-sec) 

“ (i.i X l(i®g)(l.(!) X lO^cm/sec) 

= 5. 1 X lO"®® cm 

Wave properties are only important 
for particles of small mass and high. 
velocities. 
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S-12 Because the position of an electron cannot be determined precisely (Heisenberg uncertainty 
principle states that it is not possible to measure both the velocity and position of an elec- 
tron simultaneously), it is best to consider the probability of finding electrons a certain 
distance from the nucleus By use of wave mechanics, equations have been developed which 
give the probability of finding an electron within a small cell at various distances from the 
nucleus The graph below gives this relationship 



Q-56 Is the probability of finding an elytron 
in a small cell at a distance of 2A from 
the nucleus greater or less than the 
probability of finding an electron in a 
cell locat^ lA from the nucleus. 






A- 56 The probability of finding the electron 

in the cell lA from the nucleus is 
greater 


Q-57 Does the probability of finding an elec- 
tron in a small cell, increase or de- 
crease as the distance of the cell from 
the nucleus increases. 




•57 The probability decreases with increas- 
ing distance of the cell from the nu- 
cleus, 




A- 58 The larger sphere (the one with the 

greater radius) would require the most 
small cells for construction. 


Q-58 Consider two spherical shells con- 
structed from small cells of uniform 
size such that the nucleus is at the cen- 
ter of the sphere. One shell has a 
radius of r, and the other has a radius 
of 2r. Which sphere requires the 
greater number of small cells for con- 
struction. 


Q-59 Will the number of cells in the larger 
sfiiere be exactly twice the number of 
cells in the smaller sphere? Whv ? 
(Hint: Area of sphere equals 4jir®). 
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Sketch on the graph below, a curve 
which shows the relationship between 
the radius of a spherical shell and the 
number of small cells required for its 
construction 



radius 


If the probability of finding an electron 
in a small cell at any distance from the 
nucleus were the same, how would the 
probability of finding an electron in a 
hollow spherical shell made from these 
small cells change as the radius of the 
shell increases 





S-13 To determine the probability of locating an electron a certain distance from the nucleus, 
two factors must be considered: 

a) the variation in the probability of finding an electron in a cell at various distances 
from the nucleus 

b) the number of cells in spherical shells at various distances from the nucleus. 

To take into account these two factors, a new function is introduced called the radial dis- 
tribution function which is the product of a and b given above. A plot of this radial distribu- 
tion function versus the distance from the nucleus for the hydrogen atom is given below. 



{Only the general shape of the 
curve will be of interest.) The 
most probable place of finding the 
electron is at the first Bohr radi- 
us, but there is also a certain 
probability of finding the electron 
at every other distance from the 
nucle\is. 


10 20 30 40 

o 

distance frwn the nucleus In A 
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Q-62 From the distribution curve, give the 
radius which corresponds to the first 
Bohr orbit 


A-62 A maximum in the curve indicates the 
most probable value, which is the value 
of the first Bohr orbit Therefore, the 
radius of the first Bohr orbit is 0 53 A. 


A-63 The Bohr theory would say that the 

electron can only be at 0 53 A and the 
probability of it being at any other dis- 
tance IS zero Therefore, the answer is 
zero In this respect, the Bohr theory 
and wave mechanical interpretation dif- 
fer since wave mechanics predicts a 
finite probability of finding an electron 
at r = 0 3 A. 


Q-63 


According to the Bohr theory, what 
should the radial distribution function be 
at a distance from the nucleus equal to 
0.3 A? 


Hie radial distrlbaticm function (r. d. f. ) 
gives the probability oi finding an 
tron a ceiiam distance from the 
I>robaWlty P since it i# inajposi^ 
t© die exact positfem oi 


Since the exact position for the electron cannot be given, a charge cl oud will be used as a 
physical picture for the electron in atoms. A line enclosing the region in which the chance 
(probability) of finding a given electron is greater than one percent gives the shape of the 
charge cloud 


Q-64 What will be the chance (probability) of 
locating the electron within the boundary 
of the charge cloud? 


99% chance of locating the electron. 


Q-65 


A-65 990 


Q-66 


K 1000 measurements were made to de- 
termine the position of the electron in 
the atom, how many times would you 
find the electron within the charge cloud 
boundary ? 

On the graph of r. d. f . vs distance from 
the nucleus for the hydrogen atom the 
region which corresponds to 99 percent 
chance of finding the electron has been 
shaded. 





distance from tiie nucleus A 

At what distance from the nucleus will 
the charge cloud boundary be located? 
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A-66 The region in which there is 99% chance 
of finding the electron would be at a 
distance approximately 1 5 A from the 
nucleus. 

Q-67 Sketch the charge cloud boundary in two 
dimensions for the electron in the hydro- 
gen atom. 

(Hint Probability distribution is spher- 
ical about the nucleus ) 

A-67 The boundary diagram would be spher- 
ical with a radius of approximately 

1. 5 A Therefore, in two dimensions 
the boundary diagram would be as fol- 
lows 

B twliilss B iiiit ^ : ''‘M. 

0 

t ^ 'Wi 


S-15 Wave equations have been developed that can be applied to particles with wave properties. 
Solution of these equations yields the explicit mathematical forms for the radial distribution 
function (r. d. f. ) from which the charge cloud boundaries can be determined. Various in- 
teger constants arise from these solutions and are given the name quantum numbers. From 
the solution of these wave equations, it is found that the energy of an atomic state is depend- 
ent on the value of an integral parameter, n, in the manner shown below. 

E ff - (o; means proportional) 

The energy and the size of the charge cloud of the electron depend on the value of n. The 
integer, n, is called the principal quantum number and may take on values 1, 2, 3, etc. The 
radius of the charge cloud is proportional to n^ 


Q-68 Which atom is energetically more stable, 
one in which the electron has a principal 
quantum number of 1 or one in which the 
value is 2 ? (Hint: The more stable 
atom has the lower energy. ) 




-68 Notice the minus sign in the above equa- 
tion. E has a lower value (larger nega- 
tive number) for n = 1, Therefore, 
this atom is more stable. 


Q~69 Which atom has the smaller charge 
cloud, one in which nal or n»2? 




A-69 n a 1 The electron is held more 

closely to the nucleus, giving rise to 
a smaller charge cloud and a more 
energetically stable configuration, 
(ron^) 


Q-70 Describe what happens in terms of 
charge cloud when an atom absorbe 
energy. (Hint: This energy is absorbed 
by the electrons. ) 


A-70 Absorption of energy corresponds to an 
electron going from a low value of n to 
a higher value of n. The electron with 
a higher value d n would have a charge 
cloud which extends farther from the 
nucleus. Ther^ore, the excitation 
would correspond to the transfer of an 
electron to a more loosely bound loca- 
tion in the atom. 
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A-77 (n-1) = 3 

i = 0 (s sublevel) 
£ = 1 (p sublevel) 
£ = 2 (d sublevel) 
'£ = 3 (f sublevel) 


Q-78 From your knowledge of sublevels how 
might the origin of the fine structure 
(S-11) of spectral lines be explained. 



Tlie ch&rge cloud dtstributton for electrons within a sublevel is called an orbital . Each std>- 
level (8,p,d,f) has 2(1) + 1 possible, equivalent orbitals. Each oi these 2(£) + 1 orbitals is 
defined bgr a quantaxi manber m, ediere m can have the ^ues oi -t, ... , -2, -1, 0, ^-1, 
+2, ...» +1. This quanfeum number, m, is called the magnetic or orientation quantum 
number, fbr 1 ■ 1, there would be three identical orbitals with m * -1, 0, and +1. Ttie 
omials witMn a gjvtn wiMevel are given the same letter designation (s,p, d, f) as the sub- 
level. Thus, the orUtals in the p sublevel are called p orldtals. 
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; Q-83 Give the number of identical s orbitals 
I in a given energy level and the value for 

I their m quantum number 


n 

A-83 For an s orbital, i = 0 Since the I Q-84 Give the number of identical p orbitals 

number of orbitals is 2(£) + 1, the num- j in a given energy level and the values for 

ber of identical s orbitals must be ; their m quantum numbers. 

2(0) + 1 = 1 i 

Therefore, m = 0 ■ 

I 

— 

■ 

■ 

A-84 For a p orbital, i=l Since the \ Q-85 Give the number of identical d orbitals 

number of orbitals is 2(£) + 1, the i in a given energy level and the values 

number of identical p orbitals must j for their m quantum numbers 

be 3 Therefore, m = -1, 0, and +1 • 


« 

A-85 For a d orbital, £=2 Since the • Q-86 Give the number of identical f orbitals 

number of orbitals is 2{IL) + 1, the j in a given energy level and the values 

number of identical d orbitals must • | for their m quantum numbers, 

be 5 Therefore, m = -2, -1, 0, +1, j 

+2 ; 


A-86 For the f orbital, i = 3 2(3) + 1=7 

Therefore, m = -3, -2, -1, 0, +1, +2, 
+3 


Q-87 What is the first energy level that can 
contain d orbitals? 


A-87 For a d orbital, £ = 2 The largest 
value of i in an energy level is n - 1 
Therefore, n would have to be equal 
to 3 


Q-88 For the n = 1 energy level, how many 
orbitals (of all kinds) are possible ? 




A-88 One s orbital, total of 1 


Q-89 For the n = 2 energy level, how many 
orbitals (of all kinds) are possible ? 




A-89 One s orbital + three p orbitals 
= total of four orbitals. 


; Q-90 For the n = 3 energy level, how many 

: orbitals (of all kinds) are possible? 

» 

» 


A-90 One s orbital + three p orbitals + five 
d orbitals = total of nine orbitals. 


Q-91 


In A-88, it was found that the n = 1 
energy level contains one s orbital. 
Remembering that the number of elec- 
trons in an energy level is equal to 2n*, 
determine the number of electrons in 
the Is orbital. 




«| II w tpilill p M W<iM« flWfll «« «n «« 


A-91 The first energy level (n = 1) contains 
2(1)^ = 2 electrons. It was found in 
A-88 that there is only one available 
orbital. Therefore, there must be two 
electrons per orbit^. 


: Q-92 Each orbital, regardless of type, can 
t contain the same total number of elec- 

s trons. How many electrons are contained 

i in each orbital of n » 3 energy level. 
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A-92 n = 3, 2(3^) = 18 total electrons . U 

A-90 gives 9 total orbitals Therefore, ' 
the maximum number of electrons per 
orbital must be two. ' 


' # .lie mA of 

a.«tveB esn^cgy leweC in to ’'i»f iA i 

t(l)+L /rf.j 

b) I^ch equivalent orbital is drfinei fegr ' “j 
tihe magnetic quantum number, m, | 
where m can have bhe values -jf , . , i 
0 • » » 

c> Each orWIal can couttahi two electro®®. I 


S-19 Orbitals with a given £ value have the same shape The shape of the orbitals with £ = 0 and 
£ = 1 are given below. 



Two dimensional diagrams of the orbitals are shown below. 



The different values of m Indicate different spatial orientations of the orbitals. For the p 
orbitals (£ » 1) the orientations can be illustrated as 



fn"-1 m*0 m"+1 


! 

I Q-93 What is the symmetry for an orbital 
: with £ = 0? 

3 

A-93 The charge cloud is ^mmetrtcal about j Q-94 What is the symmetry for an orbital 

the nucleus. | with £ » 1 ? 

i 

A-94 The charge cloud is symmetrical about | Q-95 In a given sublevel with three orbitals 

one of the three iw-lnclpal axes of Car- t of £ « 1, the orbitals are perpendicular 

tesian coordinates. , • to one another. Draw a diagram to il- 

! lustrate these orbitals. 
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A-95 


Three S-=\ orbitals each perpendicular 
to one another 


A-96 The shapes of the orbitals are the same, 
but a 3p orbital is larger than a 2p or- 
bital 


A-97 No All orbitals with the same principal 
and angular momentum quantum num- 
bers have the same energy 


Q-96 


What is the difference between the size 
and shape of a 2p and a 3p orbital ? 


Q-97 


Is there any difference between the en- 
ergy of an electron in orbitals repre- 
sented by the quantum numbers 

n = 3, £ = 2, m = +2 and n = 3, £ ■ 2, 
m = -1? 


Q-98 When an atom is placed in a magnetic 

field, more spectral lines are observed 
than in the absence of a magnetic field. 
This appearance of additional lines is 
referred to as the Zeeman effect . What 
gives rise to these new lines? (Hint: In 
a magnetic field, orbitals with the same 
value of £ are no longer identical in 
energy. ) 
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■ 

■ 

Ji 

s 

1 

3 

1 

1 

1 Q-99 Figure I represents the probability of 
i finding an electron in the Is orbital of 

; the H atom. At what distance is there 

i the greatest probability of finding this 

j electron*? 

HP || M M Mi H MH ® Mil B IH W W ill ^ iHi W Mi Mi W Ml M Ml iMlM Hi (( H IMMH ® W Ml (MIMIMH IMlIS Mi IM MIMPIM IW Mi MHW H NiH Mi HB H HttBIMHI HI 1 

A-99 0, 53 A 

1 Q-lOO Figure n represents the probability of 

I fmding an electron in the 2s orbital of 

1 the H atom. At what distance is there 

1 the greatest probability of finding an 

1 electron in the 2s orbital ? 

A-lOO 2. 7 A 

Q-IOI Figure m represents the probability of 
finding an electron in the 3s orbital of 
the H atom. At what distance is there 
the greatest probability of finding an 
electron in the 3s orbital ? 

A-101 8. 9 A 

i 

Q-102 With increasing values of n for the s 
orbital, how does the distance at which 
there is the greatest prolmbUity of find- 
ing an electron vary? 

A-102 As the energy level Increases, the dis- 
tance of greatest probability Increases. 

n distance - A 

1 0.53 

2 2.7 

3 6.9 

Q-103 According to Figure H, what would be 
the estimated radius of the second Bohr 
orbit for the hydrogen atom. 

A-103 3. 7 A 

Q-104 According to the Bohr theory, what 

would be the probability of locating an 
electron in the n - 2 orbit at a radius of 
0.63 A ? 

A-104 ITie Bohr theory would predict that an 
electron In the n « 2 orbit would be 
found only at the radius of the second 

Bohr orbit. Therefore, there would be 
aero probability of finding the electron 
at 0. ^ A • 

Q-105 According to wave mechanics, would 
there be aixy probability of finc^ a 2s 
electron in the region of 0. 53 A . 

I 

twaieiie>wwi»e#*we#weeee(>i>ewaeeew#*eeii<i*iMiwwitwwwiiieiiiaM*weiieevii>)>‘<tiitwe*iwye'iif#eeii'W*vii>eiewitfr^^%' 

A-105 From Figure IX, it can be seen that 

wave mechanics predicts that there is 
a probabilil^ of flndlig an electrcm at 
a distance of 0. 63 A . 

Q-106 The following graphs give the r.d.f. as 
a function of distance from the nucletis 
for n * 2, f ■ 1 {2p orbital) and n ■ 3, 

1 ■ 1 (3p orbital). 


0*2 

1-1 


2 4 6 8 
#KMio*in A 
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distance in X 

Sketch a diagram to illustrate the r. d f . 
as a function of distance from the nucleus 
for an orbital with n = 4, £ = 1 (4p or- 
bital). (Hint The number of maxima in 
the curve will be n-£ ) 


A-106 



Q-107 Sketch a diagram to illustrate the r.d f. 
as a function of distance from the nucleus 
for an orbital with n = 3, £ = 2 (3d or- 
bital) 



S-21 A fourth quantum number, designated as s, is related to the spin of an electron and is called 
the spin quantum number. The spin of an electron is quantized and may have a value of +/ 
or - 2 ', Each orbital may contain a maximum of two electrons, one with s = +2 and one with 
s = -I The Pauli exclusion principle states that no two electrons in a given atom can have 
the same four quantum numbers (n, It, m, and s). 


A- 108 Since for a given orbital three quantum 
numbers would be the same, the fourth 
quantum number, s, must be different. 
It can only have the values of and -i, 
therefore, there can be only two elec- 
trons per orbital 


I Q-108 According to the Pauli exclusion prln- 

I ciple, how many electrons are allowed 

; per orbital? 

I Q-109 How many 2p electrons can have the spin 
\ quantum number +|? 

i 
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A-109 Since there are three 2p orbitals and | Q-110 How many 3d electrons can have the s 

each one can contain one electron with j quantum number -s'? 

s = +‘, the answer is three. | 

i 

N 

■ 




A-110 Five. 


Q-111 How many electrons can have an i quan- 
tum number of 1 and an n quantum num- 
ber of 2*? 


A-111 Six. R a) lEach orbital can contain two electronsj 

tbe electron can have a spin quantum 
number, s, of ii. 

fc) No two electrons in an atom can lmT« 
ttie same four quantum numbefs. 
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sublevel orbitals 

5p 

4d ' 

5s 

4p 

3d 

4s E 

3p 

3s 

2p 

2s 

Is 







A- 117 two electrons in the Is 
one electron in the 2s 


Q-117 Considering the diagram in S>23 and the 
fact that each orbital will hold only two 
electrons, show which orbitals would 
fill first if three electrons were added 
to the empty sublevels 


Q-118 Show which orbitals would fill first if 5 
electrons were added. 




A-118 two electrons in the Is 
two electrons in the 2 s 
one electron in the 2p 


Q-119 If 4 electrons were added to the empty 
sublevels, how many orbitals would be 
half-filled? 




A-n9 two electrons in the Is 
two electrons in the 2s 

Therefore, there would be no half- 
filled orbitals. 


Q-120 Would a spectral line be seen for a 
3p- 2p transition? 




-120 Yes. Energy would be released in the 
form of a wave of light when the elec- 
tron drops from a higher energy level 
to a lower energy level 


i Q-121 Would a spectral line be seen for a 
! 2pjj -* 2py transition? 


« 


A-121 No All the 2p orbitals are of equal 

if .'^4'’^''^’ u-ww ' 


energy, therefore, no energy is re- 



leased m goii^ from one 2p orbital to 


v' 'I'-r'-stV"'-'' '' ‘ ' 

another 2p orbital. 

i ' ^ ■ j'm- > -■ >■ Vi', 

v’^'^ 4“i 

. -V ■- .V '■ '' 

■■'* ' ' VT..*" i. . . 
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S-24 Instead of memorizing the energy diagram, a handy memory device can be used for remem- 
bering the order in which the orbitals fill. 


number of orbitals 

n 1 3 5 7 





A-122 la*, 28*, 2p«, 38*, 3p« 


Q-122 Using the notation given earlier, show 
the sublevel and the number of electrons 
in each sublevel for an atom containing 
18 electrons. (Is*, 2s*, 2p®, etc ) 


Q-123 


Show the sublevel and the number of 
I electrons in each sublevel for an atom 

: containing 30 electrons. 


A-123 Is*, 28*. 2p«, 38* 3p^, 48*, 3d« 


A-124 Is*, 28* 2p*, 38* 3p^, 48*, 3d‘®, 4p®, 
58*, 4d‘«, Sp* 


s Q-124 Show the sublevel and the number of 
• electrons in each sublevel for art atom 

: containing 54 electrons. 

Q-125 Show the sublevel and the number of 
electrons in each sublevel for an atom 
containing 70 electrons. 


A-126 Is*, 28* 2pP, 3s* 3p*, 48*, Sd*®, 4p^, 
58*, 4d»*, 5p<, 08*, 4fW 


S-26 Because energy is required to pair electrons, no electron pairing occurs until all orbitals 
In a given sublevel are half-filled. Hand's rule states that when electrons enter a sublevel 
of fixed n and £ values, avmilable orbitals are singly occupied. An ffltample of this rule can 
be shown by the electronic structure of nitrogen, Seven electrons must be placed In orbitals; 

Is*, 2s*, 2pi, 2p^, 2p| 

No pairing of electrons occurs in the 2p sublevel until each of the three equal energy orbitals 
contains one electron. 


Q-126 Indicate die number of electrons in each 
erf die orbitals of the 2p sublevel of 
oxygen. 
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A-137 18 electrons Is^ 2s^ 2p®, 3s^ 3p® 


Q-138 Write the electronic structure for A1+® 
indicating half -filled orbitals, if any 


A-138 10 electrons Is^, 2s^, 2p® 


Q-139 Write the electronic structure for Br' 
indicating half -filled orbitals, if any 


A-139 36 electrons Is^ 2s^, 2p®, 3s^, 3p®, 
3d^®, 4p® 

A- 140 10 electrons Is^, 2s^, 2p® 


Q-140 Write the electronic structure for 0"^ 
indicating half -filled orbitals, if any. 


E When adding 1» eiM; 

same energy, m elecfeptm 
shown untU lorMt&li te a 
level 



S-26 An interesting anomaly occurs in the electronic structure of some atoms. Extra stability is 
gained by structures in which equal energy (degenerate) orbitals are either half -filled or 
completely filled Thus, if an atom needs only one electron to half fill or completely fill 
equal energy orbitals, it will transfer an electron from the next lower energy orbital to 
form the more stable structure 



Q-141 What does the terra degenerate orbitals 
mean? 

A- 141 Orbitals which have the same energy, 
such as the three p orbitals. 

Q-142 Does oxygen have any occupied degen- 
erate orbitals? If so, which ones are 
degenerate? 

A-142 Yes, the three occupied 2p orbitals 
are equal in energy, and thus are de- 
generate 

Q-143 Does helium have any occupied degen- 
erate orbitals ? 


! 


A- 143 No, There is only a single s orbital 
occupied in He, 


Q-144 By using the memory device (S-24) for 
filling electrons into atoms, the follow- 
ing structure is obtained . . , , Ss*, 4d^. 
Remembering that half -filled orbitals 
kre more stable, what structure would 
be predicted ? 


» 

A-144 ... 5s^, 4d‘, 4d*, 4d‘, 4d‘, 4d‘ 1 Q-145 Explain the electronic structure of 

• chromium: 

I Is^ 2s*, 2p®, 3s*, 3p®, 4s‘, 3d^ 3d*, 

I 3d*, 3d*, 3d* 


A-145 An electron is transferred from the 

4s orbital to give a structure where all 
the 3d orbitals are half -filled. 


Q-146 If by using the memory device the follow- 
ing structure is obtained ... , 4s*, 3d*, 
what is the likely structure for the atom ? 
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A-146 . As\ 3d“ 

Q-147 How can you account for the fact that the 
arrangement in A- 144 is more stable 
than that in Q-1 44. (Hint The d or- 
bitals are degenerate ) 

A- 147 Five degenerate d orbitals with the 
same number of electrons in each 
gives rise to extra stability Little 
energy is lost in removing an electron 
from the s orbital since it is not a 
degenerate orbital 

Q-148 Write the electronic structure for Cu 
showing half -filled orbitals, if any. 

A-148 29 electrons Is^, 2s^, 2p8, 3s^, 3p8, 

4s^, 3d^8 

Q-149 Write the electronic structure for Mo 
showing half -filled orbitals, if any. 

A-149 42 electrons Is^, 2s^, 2p8, 3s^, 3p®, 

4s^ Sd^”, 4p8, 5s^ 4d^ 4d\ 

4di 

Q-150 Write the electronic structure for Au, 
showing half -filled orbitals, if any. 

A-1 50 79 electrons: Is^, 2s^, 2p8, 3s^, 3p®, 

3di«, 4 s 2, 4p8, 4di®, 4fi^ Ss^, 5p8, 5d“, 
6si 



PART III: Chemical Periodicity 


S-1 It has been found experimentally that elements with the same electronic configuration in 
their outermost occupied energy level have similar chemical and physical properties. This 
IS known as the chemical periodicity of the elements. It is this j^enomenon that forms the 
basis for the arrangement of the elements on the periodic table. 


A-1 




Q-1 Give the electronic structure for Na, Li, 
and K. How are the electronic structures 
similar ? 


Li: ls\ 2si 

Na ls^ 28\ 2p8, 3si 

K: ls^ 23\ 2p8, Zs\ 3p«, 

All the atoms contain a single electron 
in their outermost occupied energy 
level 


j Q-2 What is similar about the electronic 

I structures of Be, Mg, and Ca? 

* 
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A-2 All the atoms contain a pair of s elec- 
trons in their outermost energy level. 

Q-3 Would you expect the following to be 
similar chemically ? 

Element A: Is^, 2s^, 2p® 

Element B' Is^ 2s^, 3s^, 3p® 

A-3 Yes, the two elements have the same 
electronic structure in their outermost 
energy level 

Q-4 In the periodic table, P is directly under 

N and As under P Do these elements 
have any thing in common ? What? 

A-4 Yes, these elements all have the same 
electronic structure in their outermost 
energy level, therefore, they are closely 
related in their physical and chemical 
properties. 

Q-5 Do the elements Cl, Br, and I have 
anything in common? If so, what? 

A- 5 Yes, these elements all have the same 

electronic structure in their outermost 
energy level. 


S-2 A column (down) of elements in the periodic table is called a group. A row (across) of ele- 
ments is called a period. 


Q-6 Give the symbol for several elements 
whose physical and chemical properties 
should be similar to those of S. 

A-6 0, Se, Te, Po 

A-7 Be, Mg, Sr, Ba, Ra 

A-8 Niobium (in the same group) 

Q-7 Give the symbol for several elements 
whose physical and chemical properties 
should be similar to those of Ca. 

Q-8 Are the physical properties of vanadium 
more closely related to niobium or 

I titanium ? 

1 

1 

1 Q-9 For the elements in group lA and HA erf 


the periodic table, in what kind of orbital 
will the outer electron be ? 




A-9 


s orbitals. These are called alkali (lA) I Q-10 For the elements in groupi HXA, IVA, 
a^^^lne earth (DA) elements. i VA, VIA, and VHA of the periodic taMe, 

! which orbitals are being filled? 


A-IO’ p orbitals. These elements are repre - 
sentative elements and each group is 
named after die first member in the 
family (exception: the fluorine family 
is called the halogen family). 


Q-11 To what family does As belong? 
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A-11 

Nitrogen family 

Q-12 

To what family does Ga belong”? 

A-12 

Boron family 

Q-13 

To what family does Br belong”? 

A-13 

Halogen family 

Q-14 

For the elements m gioups IB through 
VHB, including VIII, which oi bitals are 
incompletely filled or just filled 

A-14 

d orbitals The elements in this sec- 
tion of the periodic table are called 
transition metals Here again the fam- 
ily name is the same as the first mem- 
ber of the group 

Q-15 

Elements with all orbitals completely 
filled in their outer energy level are 
called inert gases. Give several exam- 
pies of elements in this family. 

A-15 

He, Ne, Ar, Kr, Xe, Rn 

Q-16 

Elements 58 through 71 and 90 through 
103 are called inner transition elements. 
Which orbitals are incompletely filled 
or just filled in these elements ? 


A-16 £ orbitals 


Q-17 The two outside energy levels of an atom 
have the electronic structure, 

sV, s* . 

To what family does the atom belong ? 


Alkaline earth. 




A-18 


It IS a representative element of the 
nitrogen family. 


Q-18 The two outside energy levels of an atom 
have the electronic structure, 

s^p® , s^p* . 

To what family does the atom belong? 

Q-19 The two outside energy levels of an atom 
have the electronic structure, 

s®p®d‘® , s^p® , 

To what family does the atom belong? 


A-19 Inert gas. 




A-20 Transition element, manganese family. 


• Q-20 The two outside energy levels of an atom 
1 have the electronic structure, 

\ s*p*d® , 8* . 

; To what family does the atom belong? 

» 

K 

« 

: Q-21 Identify the family for each of the follow - 
; ing elements. The electronic structure 

! of the two outside energy levels is |[iven. 

; a) 8®p« , 8* 

; b) 8®p*d'' , s* 

j c) s®p*d*®f*® , s*p® 
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A-21 a) alkali 

b) cobalt (transition element) 

c) halogen 


R The periodic table of elements is clft8<r 
sified into groups of elements called 
alkali, alkaline earth, transition, repre- 
sentative, inner transition, and inert 
gases. The classification depends on 
the electronic structure of the outermost 
energy levels. 


S-3 Within a period or group of the periodic table, well defined trends in properties are evident. 
One property showing a trend is atomic radii which is a measure of the size of the atom. 


Q-22 What change is observed in the electronic 
structure of the outermost energy level 
of an element in moving down a given 
group of elements ’ 


A-22 

The outer electrons are m an energy 
level with a higher value of n 

Q-23 

A-23 

Increases. 

Q-24 

A-24 

The size of the charge cloud of its outer 
electrons. 

Q-25 


A-25 The increase in size going down a group : Q-26 
in the periodic table is the result of : 
adding electrons to energy levels with • 
larger values for n which results in a ; 
larger radius for the electron cloud. J 


As n increases how does the size of the 
charge cloud change? 


What will determine the size of an atom ? 


It has been observed experimentally that 
within each group the alaiBiP £asUaS ia- 
creases with increasing atomic number . 
Give the reason for this. 


What generalization can be made concern- 
ing the energy level occupied by the outer 
most electrons of all elements within the 
same period? 




A-26 All outermost electrons are in the same 
energy level (same value for n). 


Q-27 Which element has the larger atomic 
radius, Na or K? 








A-27 K 


Q-28 Are there any attractive forces between 
the nucleus of an atom and the outermost 
electrons ? If so, what is the cause of 
these attractive forces? 


A-28 Yes, there are electrostatic attractive ! 
forces between the protons in the nu- | 
cleus(-»-) and the electron8(~) in the | 

outermost energy level. The forces are J 
directly proportional to the number of i 
• protons in the nucleus. I 


Q-29 Will these attractive forces increase or 

decrease as the atomic number increases? 
Why? 




A-29 The attractive forces will increase be- 
cause the number of inrotons in the nu- 
cleus increases. The attractive forces 
are directly proportional to the number 
of protons in the nucleus. 


! Q-30 Within each period, it has been found 
• that the atomic radius decreases with 

j Increasir^ atomic number . Give the 

! reason for this. 
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A-30 


A-31 


A-32 


There is a higher positive charge in the ; Q-31 
nucleus with increasing atomic number j 
Within a period, the outermost elec- | 
trons are in the same energy level. j 
The greater attraction between the pos- | 
itive nucleus and the negative electrons | 
tends to contract the size of the elec- i 
tron cloud giving rise to a smaller atom • 


N i Q-32 


Mg (smallest), Na, K, Rb (largest) 


Q-33 


Which element has the larger atomic 
radius, 0 or N"? 


Arrange the following set of atoms in 
order of increasing atomic radius Na, 
Rb, K, Mg 


Arrange the following set of atoms in 
order of increasing atomic radius. Na, 
Si, Al, Ar 


A-33 


A-34 


Ar, Si, Al, Na 


Si, Mg, Ge, Ca, Sn 
(The decrease in size of atomic radius 
in going from left to right across a 
period is not as large as the increase 
in atomic radius caused by the addition 
of electrons to higher energy levels. ) 


Q-34 


Q-35 


Arrange the following set of atoms in 
order of increasing atomic radius: Mg, 
Ge, Si, Ca, Sn, 


Arrange the following set of atoms in 
order of increasing atomic radius: F, 
Br, Cl, C, 0. 








A-35 F, 0, C, Cl, Br 


Q-36 The electrostatic effect which causes 
the atom to become smaller in moving 
across a period diminishes in magnitude 
in moving from left to right. Sketch a 
graph which would correctly show the 
relationship between atomic radii and 
atomic number for elements in the sec- 
ond period. (The approximate trend is 
all that is necessary. ) 


A 

atomic 
radius 
in A 


i 1 1 t » » » 

3 4 5 6 7 8 9 


atomic number 
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A-36 

■ 

a 

j Q-37 Sketch a graph showing the relationship 

1 30 

i between atomic radius and atomic num- 

j 

■ ber for the second and third periods of 

< 

1 20 

I j elements 

1 10 

\ ■ 

atomic 1 00 

" \ ^ 

radius 

\ s 

m A 0 90 

- \ i 

0 80 

- V 1 

0 70 

- i 


0.^ j 

• 

M 

a 

1 L- t L L. 1 ; 

t 

3 4 5 6 7 8 9 ; 

1 


» 

atomic number j 

1 

i 

■ 

t 

• 

M 

A-37 

; Q-38 The fourth period of the periodic table 


: contains transition elements. What 

1 60 

1 change would be expected in the atomic 

( 

1 50 

1 ; radius in moving from Sc to Zn? 

1 40 

-\ i 

1.30 

- \ I 

i 

atomic 1 20 

L 3rd period ! 

radius 

\ 1 

o 

>< 

c 


1.00 

“\ 1 

0.90 

- V 1 

0.80 

X., 2nd period j 

0.70 

1 


1 1 - 1 t 1 -1 1 


3 4 5 6 7 8 0 i 


11 12 13 14 15 16 17 I 

stomic numiXM* ! 

i 

\ 

A-38 A decrease which would grow smaller * Q-39 Sketch a graph showing the relationship 

as Zn is approached, ^tually, very i between atomic radius and atomic num- 

little change is observed from Cr throi^ | ber for the fourth and fifth periods of 

' Cu with a slight increase for Zn. I elements. 

5 


I » * « M « « • « • H «(! H H « « tt « H « ft H H W W 
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A-39 



37 39 41 


43 45 47 49 51 

atomic number 


53 


Q-40 Arrange the following set of atoms in 
order of increasing atomic radius- Ca, 
Fe, Br, V . 


A-40 Br, Fe, V, Ca 




Q-41 Arrange the following set of atoms in 
order of increasing atomic radius: Sr, 
V, Nb, Cd, Pd. 










A'41 V, Pd, Cd, Nb, Sr 

Remember, there is a small increase 
in atomic radius at the end of each 
transition period. 


Q-42 The radii of 2r (5th period) and Hf (6th 
period) are nearly equal. Offer an ex- 
planation. (Hint: Hf has fourteen 4f 
electrons. ) 


A-42 The addition of electrons to the 4f level 
adds no new energy levels to the atom. 
The addition of protons to the nucleus 
causes a large attraction between the 
nucleus and the electrons. This pro- 
duces a contraction in the size of the 
electron shell The contraction in the 
size of the Hf atom because of the 14 
protons just offsets the increase in size 
due to the additional electronic energy 
level. 


Q-43 Would the atomic radius of Mo be ex- 
pected to be closer to the radius of W 
or Cr? 


Q-44 Which two of the three elements Au, Cu, 
and Ag would be expected to have nearly 
the same atomic radius. 


A'43 Closer to W. (See A-42) 


A'44 Au and Ag. (See A-42) 




S-4 Ionization energy is defined as the energy needed to remove an electron from the outermost 
occupied energy level of an atom. 


Q-45 Write the reaction which the Ionization 
potential d Li measures. 
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A-45 Li^g) + e- i Q_46 


A-46 As the atomic number increases, the \ Q-47 
outermost electrons are in energy i 
levels of increasingly higher energy : 

These higher energy level electrons \ 
are further from the nucleus and are : 
partially shielded from tlie nuclear i 
attraction by inner electrons. There- • 
fore, the additional energy necessary ; 
to cause ionization is less. • 


It has been determined that within a 
given group the ionization energy de- 
creases with increasing atomic number 
Give a reason for this observation 


It has been observed that the ionization 
energy increases with increasing atomic 
number within a given period Explain 


A-47 In small atoms, the outer electrons 
are closer to the positive nucleus and 
are more tightly held than in lai ge 
atoms where the outer electrons are 
further from the nucleus 



A-48 Na 


Q-48 Which element has the higher ionization 
energy, Na or K? 


Q-49 Which element has the lower ionization 
energy, F or I? 


A-49 


Q-50 Which element has the higher ionization 
energy, N or C? 




I WWatlltMftaHAtKa «■«##«!« Ml AM it aw Na«jl»« A )*«*»»» 


A- 50 N 


Q-51 Within a given period, there are always 
some atoms whose ionization energy 
appears to be out of line. In the second 
period there are two regressions, one 
after Be and the other after N. This is 
because each of these two atoms has an 
"abnormally" large ionization energy. 
Write out the electronic configurations 
for Li, Be, B, C, and N. 


%»«««« (knit 




Li: 

Is®, 

2s« 



Be* 

Is®, 

2s® 



B: 

Is®, 

28®. 

2p« 


C: 

Is®, 

2s®, 

2pl 

2p^ 

N: 

Is®, 

28®, 

2plc, 

2p}, 2pl 


j Q-52 Is there anything about the electronic 
; confipration of Be and N which might 

! explain their high ionization energy ? 
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A- 52 The electron removed from Be is from 
a filled 2s orbital The electron re- 
moved from N IS from a configuration 
where each 2p orbital is half -filled 
More energy is required to remove an 
electron from a configuration where all 
orbitals are either half -filled or com- 
pletely filled due to the extra stability 
of these configurations 


Q-53 Draw a graph showing the relationship 
between ionization energy and atomic 
number for the second period elements 


I E 

kcal/mole 


-L 


_L 


5 6 7 8 

atomic number 


10 


njmiiii 



Q-54 Which elements in the third period would 
be expected to have ’’abnormally high" 
I.E. 7 Why? 


atomic number ; 

i 

« 

« 


A- 54 Mg, P, and Ar 

These elements have filled or half- 
filled orbitals. These three elements 
do, in fact, have I E. higher than 
might be expected. 


Q-55 Draw a grafdi showing the relationship 
between I. E. and atomic number for the 
third period elements. 


i.E. 

kcai/mole 


J_i L 




t1 12 13 14 16 16 17 .18 

atomic number 
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A-55 


i E 

kcal/mole 



Q-56 Would the first ionization energy of Co 
be expected to be greater or less than 
the ionization energy of Sc ■? Why 


t' 

» 

» 

i 

! 


A-56 Co is a smaller atom and has a higher 
nuclear charge than Sc; therefore, the 
attractive forces in Co are larger and 
the ionization energy larger. 




A-57 K, Ga, Zn 


M « • • k W « » « •* M M # 41 # M « « 0 « » W 


Q-57 Arrange the following set of atoms in 
order of increasing ionization energy- 
Zn, Ga, K. 

Q-58 In the previous question, account for 

the fact that the ionization energy for Ga 
is lower than that for Zn. 


A- 58 The electron removed from Ga is a 4p 
electron. The electron removed from 
Zn is from a filled 4s orbital. The 4p 
electron is at a higher energy and is 
less tightly held by the nucleus than a 
4s electron. Thus, it is more easily 
removed. 


Q-59 


Arrange the following set of atoms in 
order of increasing ionization energy: 
Se, As, Ge. 






A'S9 Ge, 8e, As 

As is '*abnormally" high because an 
electron must be removed from half 
filled degenerate orbitals. 


A-60 m, Al, SI, S, P 


Q-60 


Q-81 


Arrange the following set of atoms in 
order of increasing ionization energy: 
Na, P, Si, Al, S. 


Arrange the following atoms in order of 
increasing ionization energy: K, Cs, 
Rb, Ca. 




A-ei Cs, Rb, K, Ca 


A-62 Ge, Se, As, Br. 


Q-62 Arrange the following set of atoms in 
order of increasing ionization energy: 
Br, Se, Ge, As. 


I I 


Q-88 Arrange the following atoms in order of 
Increasing ionization energy: W, Cr, 
Pe, Cs. 


A-63 Cs, W, Cr. Pe 


■'T'i'.'W . .r> - " 
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S-5 In the formation of ions from the neutral atom, electrons are lost from the outermost occu- 
pied energy level. 


! Q-64 Consider the ion Li'*’ Would the radius 

j of this ion be expected to be a) greater 

j than, b) less than, or c) the same as 

: the radius of a neutral Li atom ? Why ? 


A-64 The outermost electrons in the Li"'' ion j Q-65 Which ion would be expected to have the 

are in the n = 1 energy level while the j smaller radius Li'*' or Be"*" ? Why ? 

outermost electrons in the Li atom are j 
in the n = 2 energy level. Since the • 
outermost electrons determine the ra- ■ 
dius, the Li+ ion would be expected to j 
have a smaller radius. j 


A-65 Be"''^ The outermost electrons in both : Q-66 Even though the outermost electrons in 

ions are in the n = 1 energy level How- j the fluoride ion (F"") are all in the n = 2 

ever, the Be+2 nucleus has 4 protons, : energy level, the fluoride ion has a 

while the Li"*" nucleus has only 3 pro- | much larger radius than the fluorine 

tons Therefore, the electrostatic at- • atom. Offer an explanation. (Hint. Do 

traction between the Be"*"^ nucleus and j electrons attract each other?) 

the outermost electrons will be greater j 

■ 


K 

A-66 The outermost electrons in an atom j Q-67 "Which of the ionic species would be ex- 

repel each other This repulsion is j pected to have the greater radius, 0“ 

counterbalanced ly the attraction to the | or ? Why ? 

nucleus By adding another electron to j 
the outermost energy level of electrons : 

(to form F“), the electrostatic repul- j 
sion of the electrons has been increased ■ 
and the electrostatic attraction between : 
the nucleus and the outermost electrons • 
has not been increased. ; 


• 

A-67 In both 0“ and O"^, the outermost ; Q-68 Which of the two species would be ex- 
electrons are in the n = 2 energy level : pected to have the greater radius, the 

and the nuclei contain the same number | 0“ ion or F atom ? Why ? 

of protons Since the electrostatic re- | 
pulsion between electrons in 0“^ would | 
be greater than in O", 0“® would be ; 
expected to have the greater radius. ; 


iWil •■••(■■■■■Mil at 

* 

• 

A-68 As stated previously, the F” ion is : Q-69 The 0“* ion has a greater radius than 

much larger than F atom. Therefore, | P". Would N"* b© expected to have a 

it 18 expected that the 0" ion would be • radius greater than, equal to, or less 

larger than O atom. Since 0 atom is : than 0“* ? 

larger than F, the O" ion must be 5 

larger than F. ■ 

i 

« 

« 

A-69 Greater than O"®. | Q~70 "Which ion would be expected to be 

j . larger, Be« or B«? 

* 
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A-70 should be larger because the 5 

protons in the nucleus of would 
exert a greater electrostatic effect 
than the 4 protons in Be"''^ 


Q-71 What general statement could be made 
about the radius of positive and negative 
ions and their neutral atoms ? 


A-71 A positive ion will always be smaller 
than the neutral atom and the negative 
ion will always be larger than the neu- 
tral atom. 

M*" M" M+ 


Q-72 Which species would be expected to 
have the larger radius, Co"^ or Fe 
Why? 



S-6 A group of Ions or atoms of different elements which have the same number of electrons 
are considered to be isoeieetronlc. For example, r, Xe, and Cs+ are all isoelectronic. 


! Q-73 Which two ions (or atoms) of the follow- 
I ing are isoelectronic with one another. 

i Na+, K+, Ne, O ? 

« 

t 

A-73 Na'*' and Ne. : Q-74 Give an example of a positive ion and a 

; negative ion diat is isoelectronic with 

j argon. 


m 

# 

A-74 K+ and cr or Ca"^* and S“*, 1 Q-75 Give an example of a positive ion and a 

1 negative ion that is isoelectronic with 

I F“. 


A-75 O'* and Mg'*^ or Na^. I Q-76 Which isoelectronic species would be 

5 expected to have the larger radius, C"* 

or Ne? Why? 

A-76 C-*. It has fewer protons in the j Q-77 Arrange the isoelectronic species C-*, 

nucleus (6) than Ne(lO). * N"®, 0“*, F", and Ne in order of in- 

j creasing size. Explain why this order 

1 was selected. 


A-76 C"*. It has fewer protons in the 

nucleus (6) than Ne(lO). 




A-77 Ne<. F' *• 0"* < N"* < C"* largest 1 Q-78 Is Na'*’ isoelectronic with Li+? Why? 

This order was selected because the I 
number of protons Increases from C | 
to Ne while the electronic structure | 
remains the same in all species. | 
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A-78 No. Isoelectronic means that the two 
species have the same number of elec- 
trons Na+ has 10 electrons while Li"^ 
has only 2 electrons 

Q-79 Which of the tollowing would be expected 
to be larger S“^ or Why'^ 

A-79 S"^ would be larger because the elec- 

trons are in the n = 3 energy level 

Q~80 Which of the following would be expected 
to be smaller, Al"*"^ or Why*^ 

A-80 Al"^ and Mg+^ and Ne are isoelectronic 
Since Al"^^ has a higher nuclear charge, 
Al+^ should be smaller than Mg'*'^ 

Q-81 Arrange the isoelectronic species O"^, 

Ne and Mg"^^ in order of increasing size. 
Give the reason for selecting this order 

A- 81 Mg+2 < Ne < 0 -^ 

This order was selected because the 
number of protons increase from 0“^ 
to Mg+^ while the energy levels are the 
same 

Q-82 Arrange the isoelectronic species P”®, 
S“^ Ar, Ca’*'^ and Ti+^ in order of in- 
creasing size. Give the reason for 
selecting this order. 

A- 82 Ti+^ < Ca+2 < Ar < S-2 < p-3 

This order was selected because the 
electronic structure remains the same 
but the number of protons increase 
from P"* to Ti+*. 



S-7 A spuming charge gives rise to a magnetic field. Electrons (spinning charges) with spin 
quantum numbers of +i and -5 give rise to magnetic fields oriented in opposite directions. 
An atom that contains unpaired electrons (orbitals containing one electron) is attracted to a 
magnetic field and is said to be paramagnetic . In an atom that contains only paired elec- 
trons, the magnetic fields caused by the electron spin cancel each other. Atoms that con- 
tain only paired electrons are repelled by a magnetic field and are said to be diamagnetic . 


; Q-83 Which of the following atoms would be 
I paramagnetic: Be, Ca. N, Zn? 

* 

A-83 N 5 Q-84 Which of the following atoms would be 

; paramagnetic: O, Al, K, Ne? 


A-84 O, Al, andK 


t 

\ Q-85 
! 


Which of the following atoms would be 
paramagnetic; Cd. Sn, Ba, Co? 




A-85 Sn and Co 


i Q-86 Which atom would be attracted to a 
: magnetic field, Sr or Mo? 
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CHEMICAL BONDING 


Part I- Lewis Eloctroinc Formulas 

After completing this section you should be able to 

a) write Lewis electronic dot formulas for ionic and covalent compounds 

b) understand forces between atoms in an ionic bond. 


Partn: Valence Bond Theory 

After completing this section you should be able to 

a) understand interactions present in a covalent bond 

b) write the valence bond description for bonding in covalent molecules 

c) illustrate the orbital overlap for bonding in covalent molecules. 

Partm: Hybridization 

After completing this section you should be able to 

a) predict bond angles from a knowledge of the hybridization of atoms 

b) predict hybridization from a knowledge of bond angles in molecules. 

Part IV; Repulsion Theory 

After completing this section you should be able to 
a) predict the geometry of molecules. 

Part V: Electronegativity 

After completing this section you should be able to 

a) predict if atoms will form ionic or covalent bonds 

b) understand dipole moments of molecules and bond energies. 

I^rt VI: Resonance 

After completing this section you should be able to 
a) write resonance structures for molecules. 

Part VH: Hydrogen Bonding 

After completing this section you should be able to 

a) understand when hydrogen bonding occurs and the results of these interactions. 


- 137 - 



138 


chemical bonding 


PART I: Lewis Electronic Formulas 


S-l In studying the combination of atoms to form molecules, only the valence electrons of an 
atom will be of concern The valence electrons are usually the electrons in the outermost 
occupied energy level (valence shell) of each atom Initially, only electrons in the valence 
shell will be considered. 



Q-1 

How many valence electrons does hydro- 
gen have 

A-1 

1 electron 

Q-2 

How many valence electrons does carbon 
have ? Which electrons are they ? 

A-2 

4 valence electrons 2s^ 2p^ 

Q-3 

How many valence electrons does oxygen 
have ? Which electrons are they ? 

A-3 

6 valence electrons 2s^ 2p* 

Q-4 

How many valence electrons does chlo- 
rine have ? Which electrons are they ? 

A-4 

7 valence electrons 3s^ 3p® 

Q-5 

What is the maximum number of valence 
electrons possible for atoms in the sec- 
ond period of the periodic table (Li Ne) ? 

A- 5 

There is a possibility of two s electrons 
and six p electrons making a total of 8 
possible valence electrons. 

Mi^Hi 


S-2 A new type of symbol will be employed to represent the number and arrangement of the val- 
ence electrons. This representation places dots around the symbol of the atom. For ex- 
ample, nitrogen is represented in the following manner* . . 


The two dots on top represent two electrons in the s orbital and the other three dots repre- 
sent one electron in each p orbital. 


* 

! Q-6 Write the electron dot symbol for Be. 

« 

• ' I 

A-6 Be two s electrons : Q-7 Write the electron dot symbol for oxygen 

1 showing two unpaired electrons. 

: Q-8 Write the electron dot symbol for Jtluo- 
: rine. 


A-7 . O • two s electrons and 

four p electrons 

i 

A-8 : F • two s electrons and 

five p electrons 


: Q-J^ Write the electron dot symbol for neon. 
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A-9 Ne . 

• « 

Q-10 

Consider the electron dot symbol for Li, 
Na, K, and Rb What conclusion can be 
made about electron dot symbols for 
elements within the same family ? 

# « • • 

A- 10 Li, Na, K, Rb 

The electron dot symbols are all the 
same, since each element has the 
identical number of valence electrons 

R 

*1110 electmi dot symbol is used I# " 
niimib^ Of valeiao# 

around an atom. " ' ; 


S-3 There are t?ivo basic types of chemical bonds, electrostatic and covalent . They can be dis- 
tinguished their electrical properties Compounds which are made up of atoms held to- 
gether by electrostatic bonds (ionic compounds) conduct electricity in solution or in the 
molten state Compounds which are made up of atoms held together by covalent bonds (non- 
lonic compounds) do not conduct electricity. In the formation of an electrostatic bond be- 
tween two atoms, a valence electron is transferred from the atom with the greater tendency 
to lose electrons to the atom with a greater affinity for the electron. The bond is due to the 
coulombic forces between the oppositely charged ions. Most chemical bonds are neither 
purely electrostatic nor purely covalent but have varying degrees of ionic character. 


; Q-11 Sodium and chlorine form an ionic com- 
I pound sodium chloride, NaCl. Sodium 

I loses one electron while chlorine gains 

• an electron. Write the electron dot 

: symbols for sodium and chlorine in this 

i compound, NaCl. A positive charge (+) 

I should be indicated on the atom which 

I lost an electron and a negative charge (-) 

: should be indicated on the atom which 

; gained an electron. 


A— 1 1 


Na^ 


Cl : 


Q-12 


Sodium has a charge of +1 since it has 
lost one electron. Chlorine has a 
charge of -1 since it has gained one 
electron. 


A general rule for atoms forming ionic 
compounds is that Uie atom farthest to 
the left in the periodic table loses elec- 
trons and the atom farthest to the right 
gains electrons. In the ionic compounds 
below, which atom gains electrons and 
which loses electrons? 


a) KBr 


b) LiF 


A-12 a) K loses Br gains 

b) Li loses F gains 




A-i3 a) Ca loses I gains 

b) Mg loses 0 gains 

c) Rb loses S gains 


Q-13 In the ionic compounds below, which 
atom gains electrons and which loses 
electrons? 

a) Cala b) MgO c) RbiS 

Q-14 From the two preceding questions, what 
generality can be made concerning the 
order of writing the symbols for elements 
in the formula of an ionic compound? 
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A- 14 The positive ion is written first 

For example, the formula for a salt 
containing potassium (K) and bromine 
(Br) IS KBr K is the positive ion and 
Br is the negative ion 


Q-15 In general, the number of electrons 
gained or lost by an atom forming an 
electrostatic bond is equal to the number 
of electrons needed to vacate the valence 
shell or the number of electrons needed 
to completely fill the valence shell. 

Give the number of electrons gained or 
lost by each atom in the following ionic 
compounds. 

a) CsBr b) BaO 


A-15 a) 

Cs 

one lost 

■ 

\ Q-16 

Give the number of electrons gained or 


Br 

one gained 

M 

■ 

■ 

lost by the atoms in each of the following 

b) 

Ba 

two lost 

• 

• 

• 

• 

ionic compounds 


0 

two gained 

• 

II 

H 

f 

a 

» 

a) Lil b) SrS 


A-16 a) Li loses 1 I gains 1 

b) Sr loses 2 S gains 2 


Q-17 Give the number of electrons gained or 
lost by the atoms in the following ionic 
compounds: 

a) CaFj b) MgCla 


A- 17 a) Ca loses 2 
b) Mg loses 2 


F gains 1 
Cl gains 1 


Q-18 In the last examples of ionic compounds, 
why were the formulas for calcium 
fluoride and magnesium chloride written 
as CaF 2 and MgClj instead of CaF and 
MgCl? 


A-18 Since Ca and Mg atoms lose two elec- 
trons and Cl and F atoms can gain only 
one electron, two atoms each of Cl and 
F are necessary to accept the two elec- 
trons lost from the Ca or Mg 


Q-19 RbBr is an ionic compound. Write an 
electron dot symbol (Lewis formula) to 
illustrate the bonding in this compound. 




«« tell I, II, I, I, II 


A-19 Rb+ • Br . " 


Q-20 Write an electron dot symbol (Lewis 
formula) to illustrate the electrostatic 
bonding in l^S and SrO. 




A-20 


Ba+2 : S . 
Sr+2 ' 0 


i Q-21 Write Lewis formulas to illustrate the 
I electrostatic bonding in CaBrj and KjS. 




A-21 


Br." Ca+* .Br:' 

^ 4 

x+ : s K+ 


Q-22 Write Lewis formulas to illustrate the 
electrostatic boraling in CsP, InClj, and 
RbsN. 




# 
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S-4 In the formation of a covalent bond between two atoms, valence electrons of these atoms 
are shared . When two electrons are shared between two atoms, a single covalent bond is 
formed. The sharing of electrons usually allows both atoms to fill their valence shells. 
To represent the way the valence electrons are distributed in a molecule, electron dot sym- 
bols (Lewis formulas) will be used. Examples are 

H 

X* XX • • XX 

HjO Hio: OF 2 

Note that a filled valence shell for H contains only two electrons while filled valence shells 
for second row elements contain eight electrons. Since most atoms achieve a filled valence 
shell with eight electrons, a statement of this fact is generalized by the octet rule (atoms 
combine so that each atom is surrounded by an octet ( 8 ) of electrons). The crosses and 
dots represent the valence electrons of different atoms. No difference actually exists be- 
tween electrons from different atoms. In writing a Lewis formula, add the number of val- 
ence electrons for each atom in the molecule (add to this one electron for each negative 
charge if working with an ion) and distribute these electrons so that each atom has eight 
electrons around it (except hydrogen). 


s Q-23 Write the Lewis formula for the covalent 
molecules: H 2 and F 2 . 


f 


A-23 H x H 2 electrons 


T 


« « XX 
• til * tnx 

- r X It X 

t . XX 


14 electrons 


Q-24 Write the Lewis formula for tihe follow- 
ing covalent molecules; 

a) Btj b) NHj (Nitrogen is bonded 

to three hydrogen 
atoms. ) 




XX 


b) HiNfH 

«X 

tl* 

jn 


14 electrons 
8 electrons 


Q-25 It is customary to use a line to represent 
a pair of electrons shared between two 
atoms. Using this notation, write Lewis 
formulas for the following covalent com- 
pounds: 

a) HF b) CH 4 (Carbon is boraied 

to four hydrogen 
atoms. ) 


I 
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a) F ■ H— F' 8 electrons 


b) H 

X 

HxC^H 

X 

H 


H 

1 

H-C-H 

I 

H 


8 electrons 


A dash (— ) between atoms represents 
two electrons shared between these 
atoms 


Q-26 Write Lewis formulas for the following 
covalent compounds 

a) H 2 O 2 b) CCI 4 c) HjS 

(In H 2 O 2 , the oxygen atoms are bonded 
to each other and to one hydrogen atom 
In CCI 4 , carbon is bonded to four chlo- 
rine atoms. In H 2 S, sulfur is bonded to 
two hydrogen atoms 



S-5 In some cases, one atom will donate both the electrons involved in bond formation between 
two atoms. This type of bond is called a coordinate-covalent bond and is sometimes desig- 
nated by drawing an arrow from the donor to the acceptor atom. For example 

-B-N~ or -B-N- 

(boron can accept a pair of electrons which nitrogen has available. ) 


Q-27 Write a Lewis formula for the compound 
BF 3 NH 3 (each P is bonded to the B atom 
and each H Is bonded to the N atom. ) 





A-27 


F. H 
I I 

F-B - N-H 
• I I 

:f: h 


32 electrons 


Q-28 Write a Lewis formula for the ammoni- 
um ion (NH 4 '*’). Nitrogen is bonded to 
four hydrogen atoms. 


or 
‘f; H 

• •I I 


F-B“N-H 
♦‘I I 

'f: h 

* 
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A-28 The NH4’*' ion IS formed from a com- 
bination of a hydrogen ion and a neutral 
ammonia molecule. 


H+ + H 


■N 

I 

H 


H 


H 


H 

t 

N- H 

I 

H 


8 electrons 

(The bracket is used to indicate that 
the whole radical is an ion with a 
positive charge ) 


Q-29 For the ammonium ion, would it be pos- 
sible to distinguish the coordinate co- 
valent bond from the other three bonds'? 


A-29 No, all electrons are identical. There- 
fore, there would be no way of knowing 
if the two electrons forming a bond 
both came from the nitrogen or one 
each from nitrogen and hydrogen. 


Q-30 Write the Lewis formula for the hydro- 
nlum ion (H3O+) 


A-30 The ion is formed from a combi- 
nation of a hydrogen ion and a neutral 
water molecule- 


H 

H+ -h ;0“ H 


H 

H-0- H 


8 electrons 


Q-31 Write the Lewis formula for the 

PH2O2" ion Phosphorus is bonded to 
both hydrogen atoms and both oxygen 
atoms. 


A-31 


:o: 

I 

:o: 


20 electrons 


A-32 


* * * • 


: o~s~o: 

• I# 1 0 # 

*. o; 


26 electrons 


I Q-32 Write the Lewis formula for the sulfite 
j ion (SOs"^). Sulfur is bonded to three 

: oxygen atoms. 


! 

I 

I 

t 




From this point on arrows will no 
loiter be used to designate coordinate- 
covalent bonds. 


Q-33 Write Lewis formulas for the following; 

a) 804"^ sulfate ion, sulfur is bonded 

to four oxygen atoms 

b) CIO4” perchlorate ion, chlorine is 

bonded to four oxygen atoms. 


A-33 a) 8O4* 


:o: 

I 


-2 

32 electrons S Q-34 


b) C104‘ 


: o-s-o: 

« 4 I * # 

:o: 


:o: 

00 I • * 

: o-ci~o; 

0 # I « » 

:o: 


32 electrons 


Write the Lewis formula for the chlorate 
ion, ClOj”. Chlorine is bonded to three 
oxygen atoms. 
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R When one atom donates bott eMxMi 

26 electrons 

Involved in bcmd formatloa between Hio 


atoms, a coordinate-covaieart bc«a(di%* 


suits, • ; 


Some atoms can achieve a full valence shell when more than one electron pair forms a bond 
between two atoms. This leads to the formation of double and triple covalent bonds The 
Lewis formula for ethylene, C 2 H 2 , would be written as 

H H H H 


H H 

O OX 

H oC X H 


C = C 


Ethylene has a double bond between the carbons By showing four electrons between the 
carbon atoms, each carbon atom has eight electrons in its valence shell 


Q-35 Write the Lewis formula for carbon 

dioxide, COa- The carbon is bonded to 
each oxygen atom 


A-35 16 electrons* 


O O or ' O =C=0 


Q-36 Write the Lewis formula for CHaO 

Carbon is bonded to both hydrogens and 
the oxygen. 


A-36 12 electrons 


A-37 


A-38 


h;c°h 

XX 

X X 
X U X 


H-C-H 


Na 10 electrons 


HCN 10 electrons 
HSCf^?N: or H-C-N. 


Q-37 Write the Lewis formula to represent 
the triple bond in Na- 


m 

* 

■ 

: Q-38 Write the Lewis formula for hydrogen 
5 cyanide, HCN In HCN, the carbon 

; atom is bonded to hydrogen and nitrogen. 

« 

i Q-39 Write the Lewis formula for acetylene, 

; CaHa. The carbon atoms are bonded 

I together and each carbon atom has one 

5 hydrogen bonded to it. 


A-39 H;C>‘^='C5H or H“Cs=C-H 

(triple bond) 

By sharing six electrons between the 
carbon atoms, each carbon atom can 
have eight electrons in its valence 
shell. 




Q-40 Write Lewis formulas for the following; 

a) NOj" nitrate ion. All three oxygen 

atoms are bonded to nitrogen. 

b) NaO The two nitrogen atoms are 

bonded together. 


A-40 a) NO 3 - 


I Q 41 Write the I^ewis formula for the follow- 
ing molecules; 

a) CjH 4 The three carbon atoms 
are bonded together. 

b) SOClj All atoms are bonded to 
sulfur. 


1^0‘xN — Oj 24 electrons 
* » « 

b) N 2 O .N = N = 0. 16 electrons 
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A-41 

a) H H 

1 1 

16 electrons 

I Q-42 

Write Lewis formulas for the following* 


H-C =C = C-H 

or 

H 

1 

H“C sC-C-H 

1 


a 

a 

■ 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a) SCN" Carbon is bonded to sulfur 

and mtrogen. 

b) O3 


1 

H 


a 

a 

a 

a 



b) :o' 

26 electrons 

a 

a 

a 

a 

a 



: ci-s-ci; 

w * « « « 


a 

a 

a 

i 

a 

a 

a 

a 

awtj)iaMaaaaaaaaiaH 


A-42 

a) [:s=c=n:] “ 

or 

18 electrons 

a 

; Q-43 

a 

a 

a 

a 

Write the Lewis formula for boron tri- 
fluoride, BF3. 


[:S"-c = n:i" 

• * H W « ■ 

b) : o=o-o: 

18 electrons 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

1 

a 

a 

a 

Three fluorine atoms are attached to 
boron by identical bonds. (Boron has 
only six electrons around it. ) 


A-43 




24 electrons 


This is an exception to the octet rule. : 

i 

i 

.... I 

A-44 : Cl ? Be ? Cl : 16 electrons f 

.... ; 

Be has only 4 electrons in its valence | 

shell. ; 


i 


Q-44 Another exception to the octet rule 

(valence shell of each atom contains 8 
electrons) is BeCl2. Write a possible 
Lewis formula for this molecule 
Beryllium to chlorine bonds are single 
bonds. 

Q-45 Many other atoms do not follow the 
octet rule, especially those that have 
inner d orbitals which can accept more 
electrons. Some other exceptions are 
AlFj (6 electrons around Al), PFj (10 
electrons around P), and SFe (12 elec- 
trons around S). Write Lewis formulas 
for the three exceptions given above. 
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PART II: Valence Bond Theory 


S-l The Lewis formula can be used as a guide for writing structures, but it does nothing to help 
answer the questions concerning the forces of interaction, the energy of the bond, and the 
geometry of the molecule For answers to these questions the valence bond theory is useful. 
According to this theory, bonding occurs by the exchange of electrons between the atoms 
forming the bond This exchange of electrons is made possible by the overlap of valence 
electron orbitals of one atom with the valence electron orbitals of another atom Consider 
two atoms, each with a valence orbital with one electron in it As these atoms are brought 
together, there is an attractive force which lowers the energy of the system (more stable 
system) This attractive force is due to the overlap of orbitals permitting the exchange of 
electrons from one atom to the other The exchange of an electron from one atom to another 
places two electrons in the same orbital Consequently, the overlap of orbitals is per- 
mitted by the Pauli exclusion principle only if the electrons are of opposite spin (different 
spin quantum number) If the electrons have the same spin, there is a repulsion between 
the electrons causing no orbital overlap When this occurs, there is no attraction between 
atoms and thus, there is no bonding 


; Q-1 Why does the Pauli exclusion principle 
I permit bonding only if the electrons are 

; of different spins? 


A-1 With the overlap of orbitals, the two 

electrons exchange and occupy the same 
orbital The Pauli exclusion principle 
states that no two electrons in an atom 
can have all four quantum numbers the 
same For the electrons to be in the 
same orbital, three quantum numbers 
must be the same, therefore, the spin 
quantum numbers must be different. 


Q-2 The greater the overlap g[ the orbitals 
involved in bonding , the stronger is the 
resulting bond. Below is a plot of” po- 
tential energy vs internuclear distance 
for the attractive forces between atoms. 
Considering only attractive forces, if 
the overlap of the orbitals increases, 
how does the potential energy of the 
system vary ? 






A-2 Considering only attractive forces, if 1 Q-3 As the potential energy of a system is 

the overlap of the orbitals increases, \ lowered, does the strength of the bond 

internuclear distance decreases and the • increase or decrease? 

potential energy of the system decreases j 
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A-3 As potential energy decreases, the 
strength of the bond increases (A 
negative potential energy indicates 
attraction. ) 


Q-4 Below IS a plot of potential energy vs_ 
mternuclear distance for the repulsive 
forces between atoms What gives rise 
to repulsive forces between atomic 
nuclei"? 



Internuclear Distance Increasing -* 



A-4 The two nuclei are positively charged s 
and like charges repel each other j 

(coulombic repulsion). : 


A- 5 Increases. (A positive potential energy : 

indicates repulsion. ) | 




« 

! 

« 

i 

I 

I 

s 

t 

» 

« 

I 

1 


Q-5 Considering only repulsive forces, if 
the internuclear distances decreases, 
does the potential energy of the system 
increase or decrease. 


Q-6 A plot of potential energy ys. internu- 
clear distance for the attractive and re- 
pulsive forces between atoms is given 
below. 



Draw the curve resulting from the inter- 
action of the attractive and repulsive 
forces. This new potential energy curve 
represents the bond energy between two 
nuclei as a function of internuclear dis- 
tance. 
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A-6 


>■ 

E? 

w 

c 

UJ 


c 

a 

S 

Cl 



Internuclear Distance 


A-7 


The minimum represents the internu- 
clear distance at which the potential 
energy of the system is the lowest At 
this distance the attraction between the 
atoms IS the greatest This distance 
(ro) IS called the equilibrium bond 
distance. 




Q-7 What does the minimum in the curve (rj) 
represent*? 


Q-8 How does potential energy relate to the 
stability of a bond ? 


A-8 The lower the potential energy the 
greater the stability of the bond. 




A-9 


No bonding occurs (no orbital overlap), 
therefore, no attractive forces 


Nuclear repulsion and 
electron repulsion only 


o 

c 

LU 


c 

CD 


O _ 

o. 


Q-9 What would you expect a diagram of po- 
tential energy vs internuclear distance 
to look like for the system where the 
spins of the electrons are identical? 

(Hint; Are there any attractive forces?) 

Q-10 A simple example of a covalent bond is 
the hydrogen molecule, Dlustrate the 
overlap of the Is orbitals in the diatomic 
hydrogen molecule. 


0 ^ 


Internuclear Distance Increasing 

aiM«ii MM Mamin kiRliliiliittitMAHMWMkwwiillttWMaiMiiitiiiiffWfiltfMMiwS 

A-10 


Electron Cloud Overlap 

i 


Nucleus 



Nucleus 


Is \/ Is 
Electron Clouds 


Q-U The electron cloud overlap lejuls to a 
greater electron density between the 
two nuclei, indicatln* that the electrons 
are localized there. Draw a boundaxw 
diagram {boundary which contains 99% 
of the electron cloud) for the bonding 
electrons in the hydrogen molecule. 
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Electron Cloud 



Q-12 Draw the boundary diagram to illustrate 
the bonding electrons for the hydrogen 
molecule when the spins are parallel 
(the same) 

(Hint. Will the Is orbitals overlap*?) 


A-12 


Electron Clouds 

y V 


Nucleus 



Nucleus 






No Overlap of Orbitals 
Between Nuclei 

This is known as an anti-bonding state. 


E Bonding occurs between atoms whiHs 

%lr electron clouds overlai) which per**] 
' Eie eamhange of electrons between 


£1' 


% I 

fcV ^ < 





tf ^fw 



S-2 The valence of an atom (the number of bonds it forms) is determined by the number of un- 
paired electrons. Each orbital containing an unpaired electron can overlap an orbital of 
another atom containing an unpaired electron to form a covalent bond. Consider the mole- 
cule PHj. The electronic configuration of phosphorus is Is^ 2s* 2p®, 3s* 3p|j 3pJ 3pJ. 
Phosphorus has three 3p orbitals available to form covalent bonds with hydrogen atoms 
whose electronic configuration is Is^ One representation of the bonding is called the val - 
ence bond deacritNiion and is Illustrated for PHj in the following manner: 



Only the valence electrons need to be shown since electrons in inner shells do not take part 
In bonding. 


Q-13 Illustrate the valence bond description 
for bonding in the molecule Br 2 . Which 
orbitals overlap to form the bond? 


I 


A-13 


Br 


[fl 

(Is 

tl 




tl 

¥ 

fl 

4p 


tl 

Ip 

tl 

Ip 


rl) 

I 

iJ-'i 

i3e]^ 


It 

1¥! 

I 


The 4p^ orbitals overlap. 


Q-14 Give the valence bond representation for 
bonding in the molecule HjS. Which or- 
bitals overlap to form the bond? 
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A-14 


I 2s 


ii 

3p 


r-T 

'Ll 


riii^ 


H 


| 3 p| | 3 pp 


The Is^ orbital of hydrogen overlaps 
the 3p^ orbitals of sulfur 


Q-15 Give the valence bond representation for 
bonding in the molecule NF3 Which or- 
bitals overlap to form the bonds'^ 


A-15 


tl 

Ip 


N 

li 

2p 

IL 

2p 


ITl 

rn 

|2p. 

1 . 1 

|2p 

1 1 
1 1 

1 L ' 1 


1 1 
1 

tl 

1 ^ 

2p 

& 

tl 

tl 

IF 

2p 


r—i. 

t r 

2 pl- 


Q-16 Give the valence bond representation for 
bonding in the ion N02" Which orbitals 
overlap to form the bonds’ 


Since the 2s electrons are not involved 
in bonding, they do not have to be in- 
cluded in the representation 

The 2p^ orbitals of nitrogen and 2p^ 
orbitals of fluorine overlap 




A-16 




N 

t i 

2p 


rri r£i 

2 p I 


I 2 p I 
' ! 
I li 

(11 

{ 2 p 


I 1 

li 

2p 


I 2p 

I 

I 


I I 

s 


Q-17 Give the valence bond representation for 
bonding in the molecule Na. 


The 2pi orbitals of oxygen overlap the 
2p^ orbitals of the nitrogen. There is 
a double bond between nitrogen and one 
oxygen 




A-17 


rri 


N 




rr 


I2pi 

I 


2 pl 


I I 
( I 


: Q-18 Give the valence bond representation for 
! borwiing in the molecule SbClj. 


rf 




■ 1 } 


1 1 I I 

® L¥. 




There is a triple bond between the two 
nitrogen atoms. 


» 
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A-18 

Sb ^ 

l|5p| 

1 1 

rrn 

1^1 

1 5p| 

1 1 

rp^ 

1 1 

0-19 Give the valence bond representation for 
bonding in the molecule O 3 


tl 

3p 

Ur 

L^Pj' 

1 1 

1 1 

1 1 

1 

:: 


Cl - 

i 

1 Ip 

tl 

3p 

cly 

i ! 



Cl - 

1 3p 

fl 

¥ 

Li'l 




S-3 An important extension of the valence bond theory is given by the following postulates. 

i 

a) bond angles can be approximated from directional characteristics of orbitals 

b) the strongest bond will be formed between the orbitals of two atoms that overlap 
to the maximum extent 

c) the direction of the bond formed will be in the direction in which the orbitals are 
concentrated 


J 0-20 What are the directional properties of s 
I orbitals? Directional properties of 

atomic orbitals were given in Chapter 3, 

A-20 No directional properties. The charge 0-21 What are the directional properties of p 
distribution is spherically symmetri- orbitals? 

cal. I 

A-21 Their maximum electron density is | 0-22 Show the directional properties for the 
along the mutually perpendicular j 2p* and 2py orbitals. 

coordinate axes. j 

s 
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A-22 


A-23 


A-24 


s Q_23 


X 



(a) The orbitals overlap to the greatest : 0-24 
extent j 


Bond angles = 90° The p orbitals in | 0-25 
sulfur that are taking part in bonding : 

are at right angles to each other, | 


Which orbital overlap would give the 
strongest bond‘d Why"^ 


P P P 



(a) (b) (c) 


Illustrate what would be predicted for 
the H—S — H bond angles in H 2 S. Why? 


Illustrate what would be predicted for 
the H - N “H bond angle in NHj, Why? 



A-25 90°, p orbitals of nitrogen overlap 

with the s orbitals of hydrogen. 


0-26 Which orbital overlap would give the 
strongest bond? Why? 
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-26 (c). The orbitals overlap to a greater 

extent and the direction of the overlap 
is in the direction in which the orbitals 
are concentrated. 


Q-27 Assuming the 3 unpaired electrons of N 
were in p orbitals, illustrate what would 
be predicted for the F-N- F bond angle 
in NF3. See A-15 


A-27 90 



Q-28 


Illustrate what would be predicted for 
the Cl - Sb-Cl bond angle m SbCL 
See A-18 


F(2p*2p*2p») 

! 


N(2p'2p‘2p') 




A-28 80 



Q-29 


Besides overlapping end to end 


p orbitals can overlap side to side. 



CH8p*8j^8p‘) 


This type of p orbital overlap occurs 
whenever multi-bonding (double, triple) 
occurs between two atoms and Is called 
f bonding. Dlustrate the btmding in the 
N* molecule, (See A-17, ) Use the 
symbol 


to tepeeaeni side to side overlap of p 
orbitals. 
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No other structere would be valid be 
cause it would place more than two 
electrons in any one orbital 




A-31 Be(ls^, 2s^). According to the valence 
bond theory there would be no orbitals 
with unpaired electrons available for 
bonding. 


: Q-32 Experimentally it is known that Be 
! forms two covalent bonds, such as in 

i the molecule BeFj. Explain how this 

: might be possible. 

j (Hint: How many half -filled orbitals 

! must Be have?) 


A-32 


— ... ... ..............5 

« 

One of the 2s electrons can be excited : 
into a higher energy orbital (2p) This | 
would give Be the electronic configura- • 
tlon of Is*, 2s ^ 2pi. It would have two j 
half -filled orbitals available for bond- i 
ing ! 


Q-33 What are the energy requirements for 
Be forming the electron configuration of 
Is*, 2s‘ 2^? Why might this be pos- 
sible when forming bonds? 

• (Hint: Enei^ is released in bond for- 
nfation. ) 
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A-33 Energy is necessary to excite the elec- 
tron into a higher energy orbital The 
energy released in forming two chem- 
ical bonds more than compensates for 
the energy needed for electron promo- 
tion 


Q-34 Give the valence bond representation for 
bonding in the BeF 2 molecule 


A-34 


li 

2p 



j 

Be 

tl 

|J_|l 

2 p 


tl 

tl 

2 p 

2 p 


r 


2pl 


lIPj 


A-35 



The other F atom would overlap the 2s 
orbital of Be. Most likely the second 
F atom would bond at 90" to the first 
F atom. This is not the observed bond 
angle, however 


Q-35 Illustrate orbital overlap for bonding in 
Be Fa What would be predicted for the 
F— Be - F bond angle 




ilfe 




ii ¥ 


#* f 




* ; 





PART III: Hybridization 


S-1 To account for the discrepancy between the predicted and observed bond angles in molecules 
like NH 3 and BeFa, a process called hybridization has been suggested. Hybridization is the , 
mixing of pure orbitals to form new orbitals which are equivalent and have definite orienta- 
tions in space For example, an s and a p orbital could combine to give two new orbitals 
(called sp orbitals), 

180“ 

Q . c>0^ C!S^ ' 

s p two sp hybrid orbitals 

0 * 

I Q-l If Be hybridized an s and a p orbital 

j in the formation of BeFj, draw a picture 

I illustrating the bonding;. 

« 

« 
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A-1 F-Be-F 

i 

j Q-2 What istheF-Be-F bond angle for 


j the molecule represented in A-1 ? 

■ 

i 



A-2 180° (Ihis would be true for bonds 

formed with any sp hybridized atom ) 


Q-3 It IS important to note that a hybridized 
orbital, because of its directional qual- 
ities, extends out farther in space than 
the pure orbitals. 



s and p 


sp hybrids 


Can you give a reason for hybridization 
occurring even ttiought it takes energy 
for electrons to be promoted into hy- 
bridized orbitals? 




A-3 Hybrid orbitals can overlap more j 

effectively than pure orbitals because I 
of their greater extension in space. \ 
This increased overlap results in a ; 
more stable bond which compensates : 
for the energy needed to promote elec- \ 
trons into hybridized orbitals. I 

A-4 B (ls\ 2s‘ 2p^ 2p^). An s electron ! 

is promoted to a p orbital, giving \ 

three valence electrons suitable for • 

bond formation. | 


Q-4 In order for B to form three covalent 
bonds in the BF 5 molecule, how must 
the electronic structure of boron in the 
ground state be changed? 


Q-5 The F-B-F bond angle in BFj is 
120* for each bond. Is there any way 
you can account for this by using pure s ■ 
and p orbitals? 
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A- 5 No The use of two pure p orbitals 
would mean that at least one bond 
angle would be 90° 



Q-6 If pure p orbitals were used in forming 
the B-F bonds in BF3, angles of 90° 
would be expected The actual observed 
bond angles are 120° What concept 
might be useful in explaining the ob- 
served angles'? 


A-6 Hybridization 


The combination of an s and two p 
orbitals to form three hybridized sp^ 
orbitals can be illustrated in the fol- 
lowing manner. 

y y 


/ \ all orbitals 
i P I J are in &e 
(orbitals V 

three sp* hybrid orbitals 



1 * 

« 

M 

■ 

« 

• 

M 

s 

8 

i 

e 

• 


In order for the sp* hybridized orbitals 
to be as far removed from each other 
as possible, what would be the angle 
between the orbitals? 

A-7 360° (for a circle) , 

~ = 12U 

« 

i 

i 

• 

i 

• 

« 

e 

Q -8 

If B is hybridized in BF 3 , illustrate the 
bonding in the molecule. 

A -8 _ 

« 

» 

* 

h 

» 

0-9 

What would be the bond angle for atoms 



where the central atom is sp? hybrid- 
ized? 
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A-9 120“ i 



I 


Q-10 In order for carbon to form four covalent 
bonds in the CH 4 molecule, how must the 
ground state electronic configuration for 
C be changed'? 


A-10 C (ls^ 2s^ 2pi 2p^ 2pi) An s elec- 
tron IS promoted to a p orbital giving 
four valence electrons suitable for 
bond formation 


Q-11 The H C H bond angles in the CH 4 

molecule are 109' each. Is there any way 
you can account for this by using pure s 
and p orbitals'? 


A-11 No The use of the pure p orbitals | 
would give at least two 90° bond angles i 



0-12 If pure p orbitals were used in forming 
the C H bonds m CH 4 , angles of 90 
would be expected The observed bond 
angles are 109' each. What concept 
might be useful in explaining the observed 
angles ’ 


A-12 Hybridization 


Q-13 The combination of an s and three p 
orbitals to form four hybridized 
orbitals can be illustrated in the follow- 
ing manner, 




Why is the angle between the hybridized 
orbitals 109? 


A-13 


It is this geometry in space which keeps 1 0-14 
the orbitals as far removed from one * 
another as possible. j 


The sp® orbitals are directed to the 
corners of a regular tetrahedron. If 
the carbon atom In CH 4 is hybridized, 
illustrate the bondin® In the molecule. 
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A-14 


i 0-15 

What would be the bond angle for atoms 


H(ls) 

■ 

■ 

« 

■ 

M 

M 

■ 

■ 

■ 

■ 

where the central atom is sp® hybrid- 
ized*? 


\ orbitals 

m 

■ 

» 

m 

■ 

m 

tt 

II 

H 




m 

u 

■ 

■ 

II 

• 




■ 

m 

m 

m 

m 

n 

m 

• 

■ 

P 

m 

m 



A-15 109“ 


Q-16 Of the three types of hybrid orbitals, sp, 
sp^, and sp®, which has the most s 
character? In other words, which hy- 
bridized orbital has the greatest percent- 
age of s orbital*? 


A-16 sp contains 50% s character 


I Q-17 As the s character of a hybridized or- 
j bital decreases, what happens to the 

j bond angle ? 


A- 17 It decreases. 

sp 180“ 
sp2 120“ 
sp® 109“ 
p 90“ 


j Q-18 If the nitrogen atom in the NH 3 molecule 
I is sp® hybridized, illustrate the bonding 

j in this compound (Include unshared 

; pairs of electrons in the valence shell. ) 

! What would be the H— N— H bond angle? 


A-18 



• Q-19 If the oxygen atom in the H 2 O molecule 
5 is sp® hybridized, illustrate the bonding 

\ in the compound. (Include unshared 

■ pairs of electrons in the valence shell. ) 

; What is the predicted H-O-H bond 

I angle ? 


m 

a 

i 

« 


Predicted Bond Angle - 109“ 
(Experimental 108“) 
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A-19 



Predicted Bond Angle - 109“ 
(Experimental 105“) 


• Q-20 If the Hg atom in the HgClj molecule is 
I sp hybridized, illustrate the bonding in 

s this compound. What is the predicted 

i Cl-Hg-Cl bond angle? 

I 


a 

i 

i 

I 
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A-20 Bond angle 180° 


Q-21 



In the BH 3 molecule the H—B— H bond 
angle is 120° What kind of hybridiza- 
tion IS likely ? 


A-21 sp2 


Q -22 The Cl“Sb~ Cl bond angle in SbClj is 
109° What type of hybridization would 
account for this angle? 


A-22 sp2 


Q-23 The CdBri molecule has a Br - Cd - Br 
bond angle of 180° . What type of hy- 
bridization would account for this angle? 


A-23 sp 


Q-24 The SO 3 molecule is planar with 

0— s-o bond angles of 120°. What 
type of hybridization would account for 
this angle ? 


A-24 sp2 


Q-25 If the As atom in the AsHj molecule is 
sp3 hybridized, what would be the 
H-As-H bond angle? 


tt 

ft 

\o 


A-25 109° 


Q-26 If the Zn atom in the Znij molecule is 
sp hybridized, what would be the 
I-Zn~I bond angle? 


A-26 180° 


I Q-27 


«« (deni i t« ft# «ii »f til ftw li 




A-27 120° 


If the N atom in the NO^' ion is sp* 
hybridized, what would the 0 "N "-0 
bond ar^tle be? 


S-2 


Some atoms may be hybridized in more than one way. Carbon hybridizes to form the fol- 
lowing orbitals 


sp? 

sp* (plus one p orbital) 
sp (plus two p orbitals) 

These orbitals are illustrated on the following lage. 
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A^28 


Q-28 


» 

! 


Q-29 


In C 2 H 8 , the C atoms are sp^ hybrid- 
ized Give the valence bond repre- 
sentation for bonding in CaHg. 


Illustrate the bonding in the CjHe mole- 
cule 



rri 

P\ 

t I 








Q-30 What type of hybridization would account 
for the fact that all bond angles in C 2 H 4 
are 120 ° 7 


t 
* 
« 

: 
s 


A-30 sp* 


0-31 Indicate a valence bond representation 
for the bonding in CjHi. 
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A -33 The pure p orbitals may overlap side- 
ways forming a it bond 



Q -32 Draw an orbital picture of the C2H4 mol- 
ecule showing how sp^ orbitals might 
bond 


Q -33 If the C~C bond distance were shorter 
in the picture given for the C2H4 mole- 
cule, what other orbitals might over- 
lap*? Illustrate. 


Q -34 Give the valence bond representation for 
the bonding in the C2H2 molecule where 
all the bond angles are 180 '’. 
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A -34 Carbon is 

sp hybridized 


1 Q-35 

Draw an orbital picture of the bonding 


ri"! 

ij_i 

Us 1 




M 

N 

n 

■ 

N 

« 

■ 

■ 

in the C2H2 molecule 

C -I 

''f ' 

|J — 1 

rfi 

rri 


• 

■ 

S 

H 

■ 

>■ II 



IjSPj 

1 spi 

I p 1 

1 p K 

■ 

« 

* 


C -1 

i-Lj 

' 1' 

j ^ j 

1 i 1 ; 

■ 

U 
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1 

l|spj 

hl-J 

Lipj 
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* 
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Q--36 The bond angle in the CO 2 molecule is 
180” What type of hybridization would 
account for this bond angle? 


Two pairs of p orbitals overlap side- 
ways to form two tt bonds. 



A-36 sp 


I Q-37 Draw an orbital picture of the bonding 


i 


in the COi molecule. 

(Hint. Consider C as being sp hybrid- 
ized. } 
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A-38 



S-3 Elements in the third period and beyond, where d orbitals begin to become involved in bond- 
ing, may form two new types of hybrid orbitals. Pure d, p and s orbitals mix together to 
form dsp^ and d^sp® hybridized orbitals. 


[ Q-39 In the dsp* hybridized orbitals, what 
; pure orbitals are combined to form 

j hybrid orbitals and how many hybrid 

5 orbitals are formed? 


A-39 


One s, one d, two p orbitals are com 
bined They form four equivalent or- 
bitals that are coplanar and at right 
angles to one another. Each orbital 
has the shape illustrated below. 




Q-40 


The dsp® hybrid orbitals are coplaner 
and at right angles to one another. 

Draw a diagram to illustrate the geom- 
etry of the dsp® hybridized orbitals. 
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A-42 



A-43 Ni+*(ls*, 2s* 2p8, 38* 3p« 3d* 3d* 3d* 

3di 3d») 

The two 48 electrons are lost on ioniza- 
tion. 


Q-43 


Give the electronic configuration for 
Ni"*"* (Remember when electrons are 
lost to form ions, they are lost from 
the outermost energy level ) 


Q-44 


In the complex ion [ Ni(CN )4 ] -*, each 
CN" ion donates a pair of electrons to 
an empty orbital of the Ni"'"'' ion. If the 
four empty orbitals in the Ni'^+ ion are 
a 3d, a 4s and two 4p orbitals, how must 
the electronic structure of Ni"*"*" ion given 
in A-43 be modified ? 


A-44 


Since each CN" donates two electrons 
for bond formation, Ni'*'* must have one 
d, one s and two p orbitals empty for 
dsp* hybridization. This can be done 
Fairing up all the 3d electrons or by 
exciting a 3d electron into a 4p orbital. 


Q-45 If the complex ion [NiCCN)*]"* is dsp* 
hybridized, how can it be determined 
if the ion has a 4p^ structure 


Ni+a |JL 


XL XL Xi£ 

td 3d 3d 




1 

t 



IS 

Is 

Ip Ip 


'¥ 

Ip 


dsp* 




A-45 Determine if the ion is paramagnetic or 
diamagnetic. If it is diamagnetic, all 
the electrons in the ion are paired. 


S Q-46 


i 


Given that the [ Ni(CN) 4 ]-* ion is 
magnetic . illustrate the valence bond 
representation for the bonding in the ion. 
(Consider (CN)" as a unit with an un- 
shared pair of electrons. ) 




A-46 


Q-47 If the carbon atom in the CN" radical is 
sp hybridized, illustrate the bonding in 
the f Ni(CN) 4 ]"* ion. 


Ni+* 


tl 


U 

“sr 




dsp* 


r""i r-"i ! 

Iwl !if! 1 


! { i ' 1 1 1 ' ' 

11} ilij j 

!55ij lyid i 

tj 1 1 tl 1 

L^rJ liiTj 


Ip 
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A-47 ^ 

\ 

4>- 

i Q-48 What is the C-Ni-C bond angle’ 
j What IS the Ni - C -N bond angle ’ 

A-48 C-Ni-C =90‘ 

Ni-C-N = 180° 

1 Q-49 Give the electronic configuration for 

1 Cu+^ 

A-49 Cu+2 (ls2, 2s^ 2pS Ss^ 3p8 Sd^ 3d2 Sd^ 
3d2 3di) 

1 Q-50 In the complex ion [CuCNHj)^] the Cu 

1 atom IS dsp^ hybridized Explain, in 

i terms of the electronic structure of 

: Cu"^^, how this type of bonding can occur, 

i (Each NHs molecule donates two eiec- 

j trons to form a coordinate covalent bond.) 

A- 50 Cu"*"^ must have one d, one s and two p 

orbitals empty for dsp^ hybridization 

This can be arranged by promoting a 

3d electron into a 4p orbital 

1 Q-51 Give the valence bond representation for 
j the bonding in the fCuCNHs)*]'*'* ion, 

; (Consider NHa as a unit with an unshared 

j pair of electrons. ) 

A-51 

: Q-52 If the N atom in NH 5 is tetrahedrally 
■ hybridized, illustrate the bonding in the 

1 fCu(NHs) 4 ]+Mon. 


Cu 


+2 


li 

3d 


li 11 

3d 3d 


fl 

3d 


dsp2 


I — "i r"“"i r“"i 

|idi| j-gj |ip| i-gi 

i-Li' IJll iJll 'll' 

jNHi' |1W,| |NH,| [NH,J 


t 








A- 52 


« 
: 


Q-53 What is the N-Cu- 
What is theCu-N- 


-N bond angle? 
'H bond angle? 



A 


■ ■■■■■ an. fit 
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A- 53 

N-Cu-N 90“ 

Cu -N“-H = 109° 

Q-54 

Is the f Cu(NH 3 ) 4 ]‘^^ ion paramagnetic or 
diamagnetic Why 

A- 54 

Paramagnetic, because it has one un- 
paired electron. 

Q-55 

Give the valence bond representation 
for the bonding in the diamagnetic 
[ PtCl 4 ] "* ion (Pt is dsp* hybridized 
Each Cl“ donates a pair of electrons ) 

A-55 


Q-56 

Illustrate the bonding in the [ PtC^] “* 
ion 








Q-57 Give the electronic configuration for 
Co +3, 




■57 Co^* (18*, 2s* 2p«, 38* 3p« 3d* 3d‘ 
3d‘ 3d‘ 3d‘) 

The two 48 electron8 and one 3d elec- 
tron are lost. 


Q-58 In the complex ion JCo(CN)g]"®, the Co 
atom is d*sp* hybridized. Explain, in 
terms of the electronic structure of 
Co+*, how this type of bonding can occur. 
(Each CN“ radical donates two electrons 
to form a coordinate-covalent bond. ) 




•58 Co*^ must have two d, one s and three 
p orbitals empty for d*8S^ l^brldization. 
This can be arranged 1^ pairing up the 
3d electrons. 


Q-59 


Give the valence bond representation for 
the bonding in the ion [Co(CN)g]"® 
assumii^ that the 3d electrons are paired. 


A-59 


i Q-60 Illustrate the bonding in the ion 
[ Co(CN)e]“*. 


d*8p* 
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A-60 

1 

iz; 

III 


o 



111 

2 ; 


Q-61 Give the valence bond representation for 
the bonding in the ion [PtCle]”^ (Pt is 
d^sp^ hybridized and each Cl“ donates a 
pair of electrons ) 



......... 

; Q-62 What are the magnetic properties of 

j [PtClg]-^? 


d^sp® 
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PART IV: Repulsion Theory 


S-l A simplified concept for determining the geometry of covalent molecules is the Valence- 
Shen Electron-Pair Repulsion Theory (VSEPRT) This theory is based on the repulsive in- 
teractions of pail s of valence electrons The electron pairs are regarded as occupying 
localized orbitals which are oriented in space about the completed inner electron energy 
levels so that the distance between the orbitals is a maximum In the following questions, 
jK will represent the centra) atom, 3C will lepresent an atom or atoms covalently bonded to 
the central atom, and P will represent a non-bonding pair of electrons 


Q-1 If an atom has two electrons in its val- 
ence shell and is bonded to two other 
atoms, what will be the value for X and 
P for the central atom*? 


If an atom has 6 electrons in its valence 
shell and is bonded to two other atoms, 
what will be the value for X and P for 
the central atom? 


A-1 In forming a covalent bond, one elec- : Q-2 
tron IS used from the central atom and 
one from the oUier atom being bonded, 

X 2 (Central atom is bonded to 
two other atoms, ) 

P 0 (One electron is used from 
the valence shell in forming 
each Ixind. A total of two 
electrons are used in bond- 
ing, leaving no electrons re- 
maining in the valence shell 
to form non -bonding pairs. ) 


A-2 



Q-3 


(Divide by 2 since 
P represents pairs 
of electrons. ) 


If an atom has 5 electrons in its valence 
shell and is bonded to three other at6ms, 
what will be the value of X and P for 
the central atom ? 




A-3 


X 

P 


Q-4 


5*3 


= i 


According to the VSEPRT, what geome- 
try should a KX 2 molecule have ? (KXj 
does not have any non-bonding electrons. ) 




A-4 


i Q-5 


What geometry should a KXj molecule 
have? 


In order for Uie coulomblc repulsion 
to be minimized, the orbitals contain- 
ing the valence electrons should be as 
far away from each other as piissible. 

X K -X (linear) 180" 

A- 5 X j Q-8 What geometry should a KXjP molecule 

have ? 

(triangular) 120" 
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A -6 


A-7 


(V-shaped) 120' 


K 


X. 


'X 


Minimum repulsion is achieved if or- 
bitals are arranged m a tetrahedral 
structure 


,K 


(tetrahedral) 109° 28’ 


X" 


X 


(trigonal pyramidal) 
109° 28’ 


.K- 


-K. 


X 

(V-shaped) 109° 28' 
■P 


X' 


X 


Q-7 What geometry should KX 4 , KX 3 P, and 
KX 2 P 2 molecules have’ 


l&italfi* ab priwtilJt , 


It " * to the V^tee-aieU Siectron-Pair 




, M' 


exe 


*5 

I 


' . Ka 1 » / 





S-2 In a valence orbital, the repulsive forces between electrons are greater between two non- 
bonding pairs of electrons than between a non-bonding pair and a bonding pair. Also, the 
repulsive forces are greater between a non-bonding pair and a bonding pair than between 
two bonding pairs of electrons. 

p-p y p-x > x-x 

The most stable structure is the one with minimum repulsion. To decide which arrange- 
ment gives the least repulsion, the electron pairs are arranged so that the 90° Interactions 
are at a minimum. The repulsion between electron pairs at angles greater than 90° to each 
other are ignored. For example, the following structures are possible for K 3 C 4 p; 
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Structure I Structure II 

90° interactions 90° interactions 


P-P 0 
P-X 3 
X"X 3 


P-P 0 
P-X 2 
X-X 4 


In both structures there are six 90° interactions. Since an X-X interaction is weaker than 
a P-X interaction, structure II has less repulsion and is the more stable structure, 


Q -8 Draw the possible structures for KX 5 P 2 . 
Indicate the number and kind of 90° in- 
teractions. 



Q-9 Which structure in the KXgPa case would 
be expected to have the minimum repul- 
sion? Why? 


P-P 0 P-P 0 
P-X 4 P-X 6 
X-X 2 X-X 0 


P 



I 
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A-9 



In all three structures there are six 
90° interactions Since two X— X in- 
teractions are weaker than two P— X 
interactions, structure I is more stable 
than structure H Because one P— X 
interaction is weaker than one P— P 
interaction, structure I is more stable 
than structure HI 


Q-10 Draw the possible structures for KX 2 P 3 . 
Indicate the number and kind of 90° in- 
teractions 



P-P 2 
P-X 3 
X-X 1 



Q-11 Wliich structure in the KX 2 P 3 case would 
be expected to have the minimum repul- 
sion? Why? 


X-X 0 



P-P 2 
P-X 4 
X-X 0 




A-11 



In all three structures there are six 90° 
interactions Since two P—X inter- 
actions are weaker than two P— P inter- 
actions, structure II is more stable 
than structure HI. Because three P—X 
interactions are weaker than two P— P 
and one X— X interaction, structure n 
is more stable than structure 1 . 


Q-I2 What geometry should KX 5 P and KX 4 P} 
molecules have? 


« 
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A-12 



square pyramid 





square planar 


Q-13 


A- 13 This would be an example of KX 2 
Cl -Be -Cl (linear) 


Q-14 


A- 14 Example of KXj 


Cl 


cr 


(triangular) 

'Cl 


Q-15 


A-15 KX 2 P 


KX4 

Cl 



V-shaped 
X = 2 
P = 1 



X =*4 


KX 3 P 



trigonal pyramidal 
X -3 
P = 1 


Q-16 


Illustrate the molecular shape for the 
molecule BeCl 2 


Illustrate the molecular shape for the 
molecule BCI 3 


Illustrate the molecular shape for the 
following compounds 

a) SnCl 2 b) SnCl 4 c) NHj 

(Do not count d electrons in determining 
the number of lone pairs. ) 


Illustrate the molecular shape for the 
followir^* 

a) H2O b) SF4 c) I3” 

(In 13 “, place the extra electron on the 
central 1 . ) 




174 


chemical bonding 


A-16 KX 2 P 2 


KX 4 P 


Q-17 



X=2 X=4 

P = 2 P = 1 


Illustrate the molecular shape for the 
following compounds 

a) PCI 5 b) CIF 3 c) SFe 

In each case the central atom is given 
first. 


KX2P3 



P = 3 



trigonal bipyramid T-shape 

X = 5 X = 3 

P = 2 


: Q-18 Predict the molecular shape for the 

j following: 

: a) flCli}" b) TeCl* c) IFj 

i In each case the central atom is given 

: first. 

» 

5 

k 

n 

5 

« 

» 

{ 





F 


octahedral 
X = 6 




1 
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A-18 Cl 



square planar irregular tetrahedron 
X=4 X=4 

P=2 P=1 



square pyramid 
X = 5 
P = 1 


Q-19 Predict the molecular shape for the 
following 

a) PbCl 2 b) SbClg 

c) [BF4‘] d) [SiFe]-2 

In each case the central atom is given 
first. 



176 


chemical bonding 


PART V: Electronegativity 


S-l Electronegativity is a relative measure of the tendency of a bonded atom to attract elections 
to itself In the relative electronegativity scale of Pauling, fluorine is assigned the highest 
value, 4 0 The other elements are assigned values relative to fluorine The electronega- 
tivity values of the elements, given in Table I, will help in predicting whether two atoms 
will form a covalent or ionic bond 

Table I 

ELECTRONEGATIVITY VALUES FOR THE ATOMS 
H 


2 1 

















Li 

Be 











B 

C 

N 

0 

F 

1 0 

1 5 











20 

25 

30 

35 

40 

Na 

Mg 











Al 

Si 

P 

S 

Cl 

09 

1 2 











1 5 

1 8 

2 1 

25 

30 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

As 

Se 

Br 

08 

1 0 

1 3 

1 5 

1 6 

1 6 

1 5 

1 8 

1 8 

1 8 

1 9 

1 6 

16 

1 8 

20 

24 

28 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

1 

08 

1 0 

1 2 

1 4 

1 6 

1 8 

1 9 

22 

22 

22 

1 9 

1 7 

1 7 

1 8 

1 9 

2 1 

25 

C$ 

Ba 

La Lu 

Hf 

Ta 

W 

Re 

Os 

Ir 

Pt 

Au 

Hg 

TI 

Pb 

Bi 

Po 

At 

07 

09 

1112 

1 3 

1 5 

1 7 

1 9 

22 

22 

22 

24 

1 9 

1 8 

18 

1 9 

20 

22 

Fr 

Ra 

Ac 

Th 

Pa 

U 

Np Lw 











07 

09 

1 1 

1 3 

1 5 

1 7 

1 3 












; Q-1 What trends in the values of the eleetro- 
j negativities are there for elements in 

• the same row of the periodic table? 


A-1 Electronegativities increase from left 
to right across a given row of the 
periodic table. 


Q-2 What trends in the electronegativities 
are there for elements in the same col- 
umn of the periodic table? 


iwvii w Ik itiwi w i 4111 


A-2 Electronegativities increase from bot- 
tom to top within a given group (family) 
of the periodic table. 


Q-3 Recalling the trends in ionization energy, 
what relationship is there between this 
property and electronegativity ? 




A-3 The greater the ionization energy, the 
larger the electronegativity. 


Q-4 Does an atom with a high value for the 
electronegativity have a large or small 
tendency to attract electrons? 




A-4 Large 




Q-5 Account for the fact that sodium has a 
smaller value for electronegativity than 
chlorine. 
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A- 5 The attraction between a nucleus and : Q-6 
electrons will depend upon both the j 

distance between the nucleus and elec- : 
tron and the numbei of protons in the | 
nucleus In the Cl atom, the distance ■ 
from the nucleus to the outeimost elec- ; 
trons is less than in the Na atom and j 
the numbei of protons in the Cl nucleus j 
IS greater than that in the Na atom : 

Therefore, the attraction between the ; 

Cl nucleus and elections in the outer- : 
most energy level is much greater than | 
in the case of Na. ; 


A-6 The electrostatic attraction of the po- I Q-7 
tassium nucleus for its outermost elec- j 
trons IS less than the attraction of the : 
sodium nucleus for its outermost elec- j 
trons because of the difference in dis- j 
tance from the nucleus to the n = 3 (M) ; 

and n = 4 (N) energy levels and the • 

shielding resulting from added elec- j 

trons. The electrostatic attraction is : 
proportional to the inverse square of j 
the distance and directly proportional ; 
to the nuclear charge. : 


Account for the fact that Na has a 
gi eater electronegativity than K even 
though K has a higher nuclear charge 
than Na 


If the atoms in a diatomic molecule have 
identical electronegativities, what can 
be said about the sharing of the bonding 
electrons between the two atoms 






A-7 Since Uie two atoms have an equal 

tendency to attract electrons, the bond- 
ing electrons will be equally shared be- 
tween the two atoms. 


Q-8 


A-8 No, The atom with the higher electro- 
negativity will share a greater part of 
the bonding electrons than the other 
atom. 


Q-9 




A-9 a) Cl (higher electronegativity) 

h) O (higher electronegativity) 

c) neither (electrons are shared 
equally) 


Q-10 


A- 10 AB. The greater the difference in the 
electronegativities between the atoms 
forming a btmd, the greater the elec- 
trostatic attractitms. 


Q-ll 


If the atoms in a diatomic molecule have 
different electronegativities, are the 
electrons shared equally between the 
two atoms ? 


The unequal sharing of electrons in a 
bond gives rise to what is called a polar 
bond. In a polar bond, one atom has a 
partial negative charge and the other a 
partial positive charge. In the following 
diatomic molecules, state which atom 
has the partial negative charge; 

a) H-Cl b) C»0 c) H-H 


The partial positive and negative charges 
on the atoms in a polar bond give rise to 
electrostatic interactions . In molecule 
A— B, the difference in electronegativity 
between A and B Is 1. 7. In molecule 
B—C, the difference in electronegativity 
between C and B Is 1. 3. In which mol- 
ecule are the electrostatic attractions 
greatest. 


As the electrostatic attractions between 
atoms increase, the ionic character of 
tiie bond increases. How does the ionic 
character of a bond change as the differ 
ence in electronegativity changes? 


i 
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A-11 The ionic character increases as the 

difference in electronegativity increases 


Q-12 If a bond had 100% ionic character, 

would the bond be purely ionic or purely 
covalent? 


A- 12 purely ionic 


Q-13 If a bond had 0% ionic character, would 
the bond be purely covalent ? 


A-13 Yes 


Q-14 Between the extremes of pure covalent 
and pure ionic bonds are bonds with dif- 
fering degrees of ionic character If 
the difference in eletjtronegativity of the 
two elements is 1.7,\the bond is said to 
have 50% ionic charac'^er. If the differ- 
ence in the electronegativities of the two 
elements is greater than 1.7, what type 
of bond exists between the two atoms ? 


A- 14 The bond has more ionic character 

than covalent Therefore, it is called 
an ionic bond 


Q-15 


Which of the following compounds is 
essentially ionic and which is essentially 
covalent? 


a) RbCl 


b N 02 




(Hint: Refer lo the Electronegativity 
table. ) 


A- 15 a) ionic 


b) covalent 


Q-16 


Which of the following compounds is 
essentially covalent and which is essen- 
tially ionic ? 


a) BaO 


b) SO 3 




A- 16 a) ionic 




b) covalent 


Q-17 Which of the following compounds is 

essentially ionic and which is essentially 
covalent? 


a) IBr 
c) RaO 


b) SiCl 4 
d) KH 


A-17 


a) covalent 
c) ionic 


b) covalent 
d) covalent 


Q-18 Which bond in the following molecules 

1 ) is more polar; 

2 ) has less ionic character; 

3) has more covalent bond character ? 

CO NO 


: 


A- 18 CO more polar 

NO less ionic character and more 
covalent bond character 


I Q-19 


Which bond 

1 ) is more polar 

« 

2 ) has less ionic character 

3) has more covalent bond character? 

p~a P~I 
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A-19 P-Cl 
P~I 


more polar 


H 


less lomc and more covalent 
bond character 



a) Electronegattvlfy is a 

yx« of the tettdency ef a 

to altiract elsetrcais 

hi A peto 

differeat im& i 

boiad. 


c) aiS|e# 
itofirtlif 





S-2 


Polar bonds have a positive and an equal negative center separated by a small distance. The 
Dipole moment of such a bond is given as the charge times the distance between the positive 
and negative centers. The dipole moment of a molecule is the vectorial sum of the dipoles 
of all the bonds in the molecule. For example, in H - Cl the dipole of the molecule is equiv- 
alent to the dipole of the H*-C1 bond. In H20 the dipole moment of the molecule is the re- 
sultant of the dipole moment of the two O -H bonds. The dipole moment vector for the mol- 
ecule is represented by an arrow pointing in the direction of the negative charge. 



vector representing the 
dipole of the H—O bond 



dipole moment of HjO molecule 


Q-20 Which of the followii^ molecules have 
a dipole moment? 

a) H-H b) H“C1 

c) F-F d) P-Br 


L 




A-20 H -Cl and F-Br have dipole moments. I Q-21 




A-21 Since It is a linear molecule, the polar 
O—C bond In one direction cancels out 
the effect of the polar C— O bond in the 
opposite direction. 


The polar C —O bond has a dipole mo- 
ment. In CO», the 0— C-0 bond angle 
is 180®. Explain why COj does not have 
a dipole moment. 


Q-22 The polar C-Cl bond has a dipole mo- 
ment yet the molecule CCI4 does not 
have a dipole moment. Explain. 


A-22 The bond angles in CCI 4 are 109“ and 
the resultant of the dipoles is zero. 





dlpotes 


Q-23 Which of the following molecules have 
dipole moments? Why? 

a) BeClj b) HjS c) NH* 
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A-23 a) no dipole moment (linear) 

b) and c) have dipole moments 




S-3 Bond energy is defined as the energy required to break the bond between two given atoms to 
form neutral atoms 


If the bond energy of the C1~C1 bond is 
57 2 kcal/mole and the bond energy of 
the Br— Br bond is 45 5 kcal/mole, what 
bond energy would be expected for 
Br— Cl Assume that the contribution 
to bond strength by the Br and Cl atoms 
IS the same as in CI 2 and Brj (equal 
sharing of electrons). 


i (57 2) + i(45 5) = 51 3 kcal/mole 


Would the observed bond energy for the 
Br - Cl bond be greater or less than the 
value calculated above? Why'^ 

(Hint Ionic character increases bond 
strength ) 


Greater - the unequal sharing of elec- 
trons gives rise to a polar bond (ionic 
character) resulting in greater stability 


If the bond energy of the F F bond is 
38 0 kcal/mole and the bond energy of the 
I~I bond is 35. 5 kcal/mole, what bond 
energy would be expected for P - I, 
assuming equal sharing of electrons ? 


K38 0) + -^35 5) = 36.7 kcal/mole 


Q-27 Would the observed bond energy be 

greater or less than the value calculated 
above? Why? 


A-27 Greater - ionic character gives 
greater stability 


Q-28 The calculated and observed bond energies 
for HCl are 80. 2 and 102. 1 kcal/mole, 
respectively, and the calculated and 
observed bond energies for HBr are 
74.3 and 85, 9 kcal/mole, respectively. 
Show how these data Indicates that 
chlorine is more electronegative than 
bromine. 


HCl (obs.) 
HCl (calc.) 


HBr (obs.) 
HBr (calc.) 


102 1 
80,2 

21 9 difference 

85.9 
74 3 

ll. 6 difference 








The difference between HCl (obs. ) and 
HCl (calc ) is greater than that for 
HBr. Therefore, the HCl bond has 
more ionic character, indicating that 
Cl is more electronegative than Br. 
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PART VI: Resonance* 


S-1 The molecule HBr is mainly covalent but it does have some ionic character The Lewis 
diagram for HBr can be written in a way which will show the ionic character 

[H-Br ,Br ^ 

pure covalen+ pure ionic 

These diagrams are called resonance structures . The actual structure of HBr is said to be 
a resonance hybrid of the two forms shown above, but lies much closer to the pure covalent 
structure than to the ionic, since the difference in electronegativities is much less than \ 7. 
This type of description of a molecule is called resonance. 


[h •* Cl : — 

pure covalent 


; Cl : I 

« » mJ 

pure ionic 


The actual structure is somewhere in 
between these two. 


A-2 H - Cl : 

The resonance hybrid of HCl has about 
75% covalent and 25% ionic character. 

1+ 


A-3 


H -H 


;h " 


h; 


H 


Q-4 


Which resonance structure contributes 
the most to the actual structure of hy- 
drogen? Why? 


A-4 H H 


The electronegativities of die two hy- 
drogen atoms are identical, therefore, 
a pure covalent bond is expected. 


Q-1 The molecule HCl is mainly covalent but 
it does have some ionic character. 

Write the various resonance structures 
which contribute to the bonding in this 
molecule. 

Q-2 In the molecule HCl, which resonance 
structure contributes more to the actual 
structure? 


Q-S Write possible resonance structures for 
the molecule Hj. 




Q-5 Write die possible resonance structures 
for the IBr molecule. Underline the one 
which contributes more to the resonance 
hybrid. 




A-5 


M « 

; I 


Br 


X It 

: BrJ' 

X X 


II Q-6 


A-6 


In this stnicturt the ne^pitive charge Is 
on die atom with the lower electros- , 
negativity. 


Why wouldn’t the structure 

X X 

: li 


Br* 


X X 


contribute to die resonance hybrid of 
the EBr molecule? 




Q.7 


Write the possible resonance structures 
for the molecule KH. Underline the 
structure which contributes more to the 
resonance hytnrid. 
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K 


A-7 IK-H K+ xH 


Q -8 

Q-9 


A -8 


/ \ . 
. 0 0 


A-9 This IS explained by a resonance des- 
cription 


Q-10 


0 0 




The actual structure of SO 2 is a struc- 
ture intermediate between these two 
extremes. The molecule is a reson - 
ance hybrid of these two possible con- 
tributing structures 


A-10 


:o 

II 

0— s~~o 

I 

0 . 


.0: 

. . I 

0=8—0: 

* I 

. 0 . 


0 

I 

0— S— 0' 

• II •• 
0 

I 

:o 

• I • • 
0 - 8=0 

• . I , ' 

0 . 


-2 


Q-11 


The actual structure is a resonance 
hybrid of all the above contributing 
forms. 


Draw a Lewis diagram for SO 2 . 


The observed bond lengths of the S— 0 
bonds are exactly the same in the SO 2 
molecule, and the length is somewhere 
between a single and double bond length 
Account for this fact 


The sulfate ion, 804 "^ is found to have 
four equal S— 0 bond lengths. Draw 
Lewis diagrams to account for this ob- 
servation 

Hint: The S— 0 bond length is shorter 
than a single bond. Sulfur can expand 
its valance shell to accept more than 8 
electrons (d orbitals). 


Benzene, CgHs, is a molecule with all 
bond angles 120" and all C-C bond 
lengths the same. The six carbon atoms 
form a ring 

f 

II I 

I 

H 


A-11 



The actual structure of benzene is con- | 
sidered a resonance hybrid of the two J 
resonance forms shown above. J 


Account for the equal C-C bond lengths. 

The ozone molecule, O 3 , has two bonds 
that are equivalent. Show how reson- 
ance can account for this. 


chemical bonding 


183 


0 . 0 


' r \ ’ 
0 . o 


The nitrate ion, NOs", contains a central 
nitrogen atom to which the oxygen atoms 
are bound The three nitrogen-oxygen 
bonds are found to be equivalent anri at 
120° angles Draw electronic formulas 
for the three contributing resonance 
forms 


0* 'o; .0- ;o’- 

N *-* N 


. . / 


Q-14 Write the three contributing resonance 
structures for COa- The C-0 bond 
distances are equal 


C*0 


.:o-c* 0 


Q-15 The bond distance for carbon monoxide, 
CO, has been found to be intertnediate 
between a double and triple bond. Draw 
resonance structures to account for this 
otfflervation. 




A-15 


c*o: — iC’ 


• « 

-o: 

« k 


do not contribute very 
much due to violation 
of the octet rule 



PARTVil: Hydros Bonding 


8"1 There are many compounda In irtiich a hydrogen atom exlsti fimultaneously between two 
atome, acUi« af a bridge between them. In this situation the hydrogen atom is involved in 
two bonds - one is a covalent bond and the other is known as a hydrogen bond. I^drogen 
bonds are formed witti hydrogens that are covalwitly bonded to atoms or groups that are 
highly electronegative (i.e., N-I, 0-ji, C1|C-H, P-H). These hydrogens will forma 
. hydrogen bond with atoms having a high electron density (strongly electronegative atoms 
such as fluorine, oacygen, and nitrogen). I?ydrogen bonds are much weaker than covalent or 
ionic bonds. 
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Q-1 Formic acid 


H~C 


/ 

\ 


0 


O — H 


exists as a dimer That is, two mole- 
cules of the acid exist as a unit Draw a 
structure that would account for this 
dimer formation 


A-1 Hydrogen bonds hold molecules together 

\ 

P--H-0 

/ \ 

H-C C~H 

\ / 

O-H-O 


Q-2 HF is found experimentally to exist as a 
polymer That is, the HF molecules 
are linked together in long chains and do 
not exist as separate units Draw a 
structure that would account for the 
polymeric behavior of HF. 


A-2 (H-F— ^-(H-F-r-H-F— ^)n 

hydrogen bonds 



A-3 


Tlie H 2 O molecules are associated to- 
gether through hydrogen bonds. There- 
fore, in the H 2 O system there are more 
intermolecular attractions. 


H 


H 




0 - 




\ 

hydrogen bond 


The lower electronegativity of S, Se, and 
Te prevents appreciable hydrogen bond 
formation in the other molecules. 


Q-3 The melting points of the group VI binary 
compounds of hydrogen are as follows. 

H.O 0. 0 C 

H?S .82.9 C 

H2Se - 64.0' C 

HaTe - 51.0' C 

Account for the high melting point of H20. 


Q-4 The boiling points of the group VII 

binary compounds of hydrogen are as 
follows. 

C 
C 


HF 

19.4' 

HCl 

- 83.7 

HBr 

- 67.0' 

m 

- 36.0 


Account for the high boiling point of HF. 


A-4 The HF molecules are associated to- i 
gether through hydrogen bonds. There- 1 

fore, more intermolecular attractions ■ 

between these molecules result in a 5 

higher boiling point. f 


Q-5 Methanol (CHgOH) forms a hydrogen 

0 

II 

bond with acetone (CHjCCHs). Diagram 
the structure of this hydrogen bonded 
system. 
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CH, ^0 

c - 0--H CHj 

/ 

Cli, 




A"6 


CH, 


Cl 


CH, n; 


CH, 


-H-C- Cl 

ii 


A-7 Ethanol (ornts hydrogen bonds with 
water. 


Q -6 Chloroform (CljCH) forms a hydrogen 
bond with tnmethylamine, 

CHj 

CH,-N 

(Ihj 

Diagram the structure of this hydrogen 
bonded system. 


Q-7 Account for the fact that ethanol 
(CH 3 CH 2 OH) IS soluble in water while 
prope (CH 3 CH 2 CH)) is insoluble m 
water. 


CHjCHstj): H 


H, ,H 

\ 

O' 

i 

H 


\ 


V 

i 


1 ! 

3/y 




The hydrogens of prope cannot form 
hydrogen tends because they are not 
attached to a highly electronegative 
atom or group. 
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Chapter 5 


GASES, LIQUIDS, AND SOLIDS 


Part I Gas Laws 

After completing this section you should be able to 

a) understand the relationship between the pressure and volume of a gas at constant 
temperature (Boyle's law) 

b) understand the relationship between the temperature and volume of a gas at 
constant pressure (Charles' law) 

c) understand the relationship of the partial pressure of gases to total pressure 
(Dalton's law) 

d) understand the relationship between the volumes of the reactants and products 
involved in a gaseous reaction (Guy-Lussac's law) 

e) understand the relationship between volume and the number of molecules in a 
given quantity of gas (Avogadro's principle) 

f) use the ideal gas equation for calculating pressure, volume and temperature 
relationships 


Part II Kinetic Molecular Theory 

After completing this section you should understand 

a) the properties of an ideal gas 

b) the kinetic molecular theory interpretation of the gas laws 

c) the effect of a temperature change upon the distribution of energy in a gas sample 

d) why real gases deviate from ideal behavior 


Part ni Liquids 

After completing this section you should understand 

a) why gases condense to liquids and why liquids evaporate 

b) the dependence of vapor pressure on temperature 

c) the relationship between vapor pressure and boiling point 


PaxtlV* Solids 

After completing this section you should 

a) understand the relationship between the structure of solids and their physical 
properties 

b) understand why liquids freeze, and what is meant by the melting point of a solid 

c) understand the geometrical arrangement of simple crystals 

d) be able to calculate the size of the unit cell, atomic weight, and Avogadro's 
number, given certain information about a crystal 
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PART I: Gas Laws 


S-l All gases 

a) can be easily compressed into a small volume 

b) will eiqiand to fill the vessel containing them 

c) will exert pressure equally in all directions. 

Gas pressure can be measured with open or closed end manometers. These devices are 
illustrated below 






A-1 (950 - 200) mm Hg = 750 mm Hg. 


j Q“1 The pressure of a gas measured with a 
; closed end'manometer is reported as 

I difference between the mercury 

: levels In the two arms of the manometer. 

; If the height of mercury in arm A of the 

I manometer is 200 mm and Uie mercury 

5 heighth In arm B is 950mm, what is the 

• pressure of the gas sample in mm of Hg? 


Q-2 Another pressure unit frequently used is 
the torr . The torr is equal to I mm Hg. 

If the one arm oTa closed-end manometer 
reads I20.Q cm aii«3 the other arm reads 
75.0 cm, whut Is the pressure reading 
of the manometer In cm of fife, mm of 
Hg, and torr? 


A-2 120.0 - 75.0 = 45. 0 cm of Hg 


45. 0 of Hg 


10mm .-rt 
450 mm of Hg 


450«»Ma a of Hg. 1 torr 
— «50 torr 


Q-3 In the open-end manometer, the pressure 
of a gas san^le is c^tained by subtracting 
the difference between the Hg levels in 
the two arms the manometer from 
atmospheric pressure. 

If atmospheric pressure is 74. 0 cm Hg, 
and the height of the mercury in arm A 
is 84. 5 cm and the hei^t of the mercury 
In arm B is 24. 3 cm, what is the pressure 
of the san^Ie in cm of Hg. 
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A-3 74 0 cm of Hg - (84 5 cm Hg - 24 3 

cm Hg) = 13 8 cm Hg 


Q-4 


A-4 Closed-end 32 5 cm 

ppen-end. 74 5 - (difference in 
height) = 32 5 

Difference in height = 74 5 - 32 5 

= 42 0 


Q-5 


The pressure of a gas sample was 
measured with both a closed-end and 
an open-end manometer and found to be 
32 5 cm of Hg If atmospheric pres- 
sure was 74 5 cm of Hg, what was the 
difference in height between the Hg 
levels in each manometer when the 
measurements were made"? 


Gas pressures are also eiqiressed in 
terms of a quantity called atmospheres, 

1 atm = 76 0 cm of Hg 

If one arm of a closed-end manometer 
reads 273 mm and the other arm reads 
122 mm, what is the pressure reading 
of the manometer in atmospheres? 


A-5 273 - 122 = 151 mm of Hg 


151 maa- of-Hg- 

1 -em- 

1 atm 


10 nun 

76 O-ean- 


pressure = 0 199 atm 


Q-6 What is the pressure in atm if the 
difference in the levels of Hg in an 
open-end manometer is 70 cm? 500 
mm? (Atmospheric pressure 
= 74 0 cm) 



S-2 Robert Boyle found that a linear relationship exists between the pressure (P) and the recip- 
rocal of the volume (1/V) for a given amount of gas at constant temperature He constructed 
graphs similar to the following 


pressure 



Q-7 Give a mathematical expression for the 
relationship between P and V. (Hint: 
The equation for a straight line is 
y = ax + b) 
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A-7 From the plot of P vs 1/V, it is seen 
that y = P and X = l/V The y inter- 
cept (b) IS equal to zero The slope 
(a) IS equal to k Therefore, the 
equation is 

P = (k)(l/V) or 

PV = k (a constant) 


Q-8 A given amount of gas at 25°C occupies 
a volume of 150 ml at a pressure of 
700 mm of Hg What would be the 
volume of the gas if the pressure were 
increased to 1050 mm of Hg keeping 
the temperature constant'^ (Hint 
Consider the equation for the gas in the 
original state and the final state ) 


This IS known as Boyle's law 


A-8 


PiVi = k 
P 2 V 2 = k 
PiVi = PzVa 
Pi = 700 ram 
P 2 = 1050 mm 


Therefore, 

Vi = 150 ml 
V, = ’ 


Q-9 A gas is expanded, at constant temper- 
ature, from a volume of 400 ml to a 
volume of 1 liter, where its final 
pressure is 100 mm of Hg What was 
the original pressure? 

(1 liter = 1000 ml) 


100 ml 



1050 

AWV AJ. 

= P2V2 

? Vi 

= 400 ml 


100 mm 

,, 144ter- 

1000 ml 

V 2 

= 1000 m; 

l-titep 


A-9 


Q-10 A 2. Og sample of a gas occupies 8 4 
liters at 0''C and 760 mm of Hg. Cal- 
culate the volume at 0“C and a pres- 
sure of 84 cm of Hg? 


_ P^V; _ (100 mm) (1000 4»jr) 


TT" ^ (400 ffit; 
Pi = 250 mm of Hg 






A- 10 ViPi = V 2 P 2 

Vi = 8.4 liter Pi = 760 mm 


V, = ? 




p, =. 


84 

10 mm 


1 1 -am 


= 840 mm 

(8. 4 liter) (760 «m») 


V 2 = 7 6 liter 


A-11 Boyle’s law states that PV = k, where 
k IS the slope of the line. For two 
sets of pressure-volume conditions 
the slopes kj and k 2 are equated to 
give PiVi = P 2 V 2 . However, if the 
tempexature changes, the slqpes (kj 
and ka) are different and cannot be set 
equal to one another 


I M Hi* W« w «« Ik w M w w « W # * # M • K i H Wl 


Q-11 For a given amount of gas, a plot of P 
vs lA' at two different temperatures 
is shown below. 



Why can't the equation P,V, « PjVj 
be used if the temperature changes? 
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S-3 For a given amount of gas at a constant pressure, Jacques Charles found the following rela- 
tionship between volume (V) and temperature (t) 



Q-12 Give a mathematical ejqiression for the 
relationship between V and t H has 
been determined experimentally to be 
equal to (273) k’ and this value should 
be substituted for H in the derivation 


A- 12 Equation of a straight line 
y a ax + b 

V = k’ (t) + H 

V a k' (t) + k’ (273“) 

V * k’ (t + 273“) 

(k’ is not the same constant as the k 
from Boyle’s law) 

A- 13 V is directly proportional to T. 

A- 14 V is Inversely proportional to P 


Q-13 A new temperature scale is defined 
where T = t“C + 273“. T is called 
the absolute temperature and is 
expressed in degrees Kelvin (®K). 
Therefore, at constant pressure 

V = k’T 


V 

or ^ = k’ 


Is V inversely or directly proportional 
to T? 



Q-14 Is V inversely or directly proportional 
top? (Hint Boyle's law, PV « k) 

Q-15 What is the freezing point of water on 
the absolute temperature scale? 




A-15 freezing point ■ 0“C 

T * 0°C+ 273“ = 273“K 

A- 16 boiling point of HjO = 100“C 
T » 100“C + 273“ » 373“K 


Q-16 What is the boiling point of water on 
the absolute temperature scale ? 

Q-17 A given amount of gas at one atm pres- 
sure was heated from 0“C to 100“ C. H 
the initial volume were 1.0 liter, what 
would be the final volume if the pressure 
remained constant? 
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A-17 


A-18 


Vi _ J-, 

Zi -Xi 

Ti " T, 

Vi = 1 0 liter 
Ti = 273 °K 


and^ = k' 
■*■2 


Therefore, 


V2 = ? 

Tj = 373 °K 


V, = 


_ ViT; _ (1 0 liter) (373°j£) 


273"^ 
= 14 liter 


Q-18 


Since tlie pressure remains constant, 
Tj T2 


Q-19 


Vi = 8. 4 liter Vj = ? 

Ti = 293 °K Ta = 364 °K 

„ ViT, (8 4 liter) (364“K-) 

Va = 

= 10 liter 


A 2 0 g sample of gas occupies 8 4 
liters at 20 “C and 1 atm pressure. 
What IS its volume at 91 ’C and a 
pressure of 76 cm Hg? 


A sample of nitrogen gas weighing 
9 3 g at a pressure of 75 0 cm Hg 
occupies a volume of 12 3 liters 
when its temperature is 450 'K 
What is its volume at a temperature 
of 125 ’C, and a pressure of 75. 0 cm 
of Hg? 



S-4 The customary reference point for gases is at 273 “K (O^C) and 1 standard atmosphere (760 
mm of Hg) pressure. These standard conditions are called standard temperature and pres - 
sure (STP). 




A-20 


The original and final pressures are 
identical. Therefore, 




T, 

Vi 




Ta 

= 2. 0 liter 


? 


Ti = 298 “K Ti = 273 “K 


a 1.8 liter 


i Q-20 A given quantity oE gas at 760 mm of 
: Hg and a temperature of 25‘'C occupies 

1 a volume of 2.0 liters. What is the vol- 

t Q-21 At STP a given quantity of gas occupies 
: 5.00 liters. What is the temperature 

: of this same quantity ol gas at the same 

I pressure when It occi:g}ies a volume of 

! 10. outers? 




( miM* *« « « # imw w 
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A-21 V, V, 

T7 

Vi -- 5 0 liter Vj = 10 0 liter 
Ti - 273 K Ti ^ 

T, V,Ti (10 O-ktep.) (273‘’K) 
V, 5 00-hte*- 

- 546 'K 


E comlitim for gas^ 


T a mx ^*C) 
p «* WO 



S“5 J olin Dalton observed that when two or more gases are placed in the same container, the 
total pressure exerted by the mixture of gases is equal to the sum of the partial pressures 
of the vai'ious gases The partial pressure is the pressure the gas would exert if it were 
alone in the container. 


Q-22 Two gases, A and B, when placed in a 
container gave a total pressure reading 
of 823 mm of Hg The pressure of A 
alone in the container was known to be 
456 mm of Hg What is the pressure of 
gas B in the container ? 


A-22 823 inni Hg A f 

-456 nun Hg A 
367 nun Hg B 


B 


Q-23 The partial pressures of Hj, Oj, and 
N 2 m a container are 350 mm of Hg, 
26. 0 cm of Hg, and 0. 50 atm, respec- 
tively What is the total pressure m 
the container ? 


A-23 26»w-Htf 


10 mni Hg nan 

-nsH? ' ”1' 


0. S-aVm-Hg 

760 mm Hg 




380 mm Hg 


350 nun of Hg H, 

260 mm of Hg 
380 mm of Hg N, 

990 mm o^ Hg Total pressure in 
in container. 


Q-24 In laboratory experiments gases are 
often collected above water, and water 
vapor contributes to the total pressure 
measured. If, in a collecting bottle, 
the measured pressure is 740 0 mm of 
Hg at 2r'C, what would be the pressure 
of the gas collected? (vapor pressure 
of water at 2rc = 18. 7 mm of Hg) 


A- 24 


740. 0 total pressure 
-18, 7 pressure of w ater vapor 
f2 i . 3 mm of Hg (pressure m 
collected gas) 


Q-25 The equipment used for collecting 0^ 
was arranged in the following manner: 



The pressure inside was obtained by ad- 
justing the water inside the bottle to the 
height of the water outside of the bottle 
When this adjustment was made, what 
was the pressure inside the bottle ? 
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A- 2 5 If the water levels inside and outside 
were the same, the pressure inside 
the bottle would be equal to the atmos- 
pheric pressure 


Q-26 The apparatus in Q-2 5 was used to 

collect 4 0 liter of O 2 at a temperature 
of 25°C What would be the volume of 
dry O 2 at 1 atm pressure and the same 
temperature ? The atmospheric pres- 
sure for the experiment was 750 0 mm 
Hg, the vapor pressure of water at 
25°C IS 23 8 mm Hg 


A-26 ViPi = V 2 P 2 
Vi = 4 0 liter 
V 2 = ^ 

Pi = (750 0 - 23 8) mm Hg 
= 726.2 mm Hg 


V 2 


726 2 aam-Hff 

1 atm 

= 0 956 atm 

760 0 mm Hg 

ViPi _ (4.0 liter)(0 956 -atm) 

P 2 

1. 0-atei- 

= 38 liter 



law 


I ’ '** ‘ 5^, 

)t * S' *1. ^ ■5'' ^ 




M If ' ^^4 


s 

* * 
- 


% ^ 


'Oi 




, .4 f. f . v'f* . ’ ’ 

' ■ *■ i 


J Sc 


-i- i i 









S-6 Gay-Lussac found that there was a definite relationship between the volumes of gases in- 
volved in chemical reactions. Through experimental observations, he arrived at his law of 
combining volumes which states: whenever two or more gases are involved in a chemical 
reaction, the ratios of the volumes of the gases may be expressed as the ratios of small in- 
tegral numbers, provided the volumes are measured at the same temperature and pressure. 




A-27 volume of H; 0 336 

volume of O 2 d'. IB'S “ 1 

volume of Hg 0 336 __1_ 
volume of H 2 O 0. 336 " 1 

volume cJ Og 0 . 168 ^ 1 
volume of 0 336 ~ T 

A-28 volume erf Hg _ 1 
volume of CI 2 “T 

1 liter of Cl 2 


Q-27 


Q-28 


Q-29 


Show how Uie following data iiiustrates 
the law of Gay-Lussac. 

2H20. 


®®*(g) * °'(g) 


'(g) 



Volume of gas reacted or 
produced at 100 ‘C and I 
atm pressure 

Hj 

(5. i5Se liters 

O 2 

0. 168 liters 

HjO 

0. 336 liters 


In the reaction Hj + Cl* - 2HCI, what 
volume of Clj would Gay-Lussac have 
observed to react with I liter of Hj ? 


What are the volume relationships for 
the gases reacting and being formed 
in the reaction 

CH 4 + 2p2 - COj + 2HtO 
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A-29 If all gases involved are measured 
at the same pressure and temper- 
ature, one unit volume of methane 
(CH4) would react with two unit 
volumes of oxygen to produce one 
unit volume of carbon dioxide (CO2) 
and two unit volumes of water 
vapor. 


Q-30 


A-30 100' 


2 liter 0 ? 


Q-31 


r 200 liter Oj 
lOO^te-eftJUiter CO 2 


In the reaction 

CH4 + 2O2 - CO2 + 2H2O 

how many liters of oxygen are necessary 
to react with 100 liters of methane? 

How many liters of CO 2 and steam are 
produced? (Assume all reactants and 
products are measured at the same 
pressure and temperature ) 


A hypothetical chemical equation that 
represents a reaction involving gases is 

2 X 2 Yj + 5 Z 2 - 3Z3y2 + ZX 4 

(All gases remain at the same pressure 
and temperature. ) 





What IS the maximum volume, in milli- 
liters, of Z 3 Y 2 that would be obtained 
from a reaction initiated by mixing 
30 ml of X 2 y 3 and 100 ml of Z 2 ? 

(Hint’ Determine if any reactants are 
present m excess ) 


A-3i Given 30 ml of X 2 Y 3 , 
then 

- IS ml Zj needed to react 
completely with X^Ys 



Q-32 In the reaction of Q-31, how many ml 
of Z 2 are needed to react completely 
with 25 mlofX 2 Y 3 ? 


Since the initial volume of was ! 

100 ml, Zj Is present in excess. \ 

Therefore, X^Yj determines the | 

amount of products formed. \ 

i 

i 
# 

% 

\ 

* 

Q-33 If 50 ml of X 2 y 3 reacts completely with 
200 ml of Z 2 in a closed vessel, what 
mixture of gases will result? 

2 X 2 yj + 5Z2 3Z3Y2 + ZX4 

I 

n 
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A-33 Amount of Z2 reacted | Q-34 

N 
■ 

= 125 ml Z2 ■ 

i 

n 

II 

Therefore, the vessel would contain j 

unreacted Z2 and the products Z3Y2 j 

and ZX4 j 

■ 

Z2 = 200 ml (initial) - 125 ml (reacted) j 

a 

= 75 ml Z 2 remaining i 

Z3Y2 = 

= 75 ml Z3Y2 



= 25 ml ZX4 




In a chemical reaction such as 
H2 + CI2 - 2HC1 

one molecule of H2 reacts with one 
molecule of CI2 to produce 2 molecules 
of HCl Considering Gay-Lussac's 
law of combining volumes, what can 
be said about the number of molecules 
present in equal volumes of different 
gases at identical pressure and 
temperature ? 


A-34 Gay-Lussac's law states that one ■ 

volume of H2 reacts with one volume ; 
of CI2 Since one molecule of H2 | 

reacts with one molecule of CI2, : 

equal volumes of H2 and CI2 must j 

contain the same number of molecules ! 


Q-35 The principle derived in A-34 was first 
given by Avogadro. Avottadro's prin - 
ciple states that equal volumes of 
gases at the same temperature and 
pressure contain equal numbers of 
molecules. 

What is the mathematical relationship 
between volume and number of mole- 
cules (n) at constant temperature and 
pressure ? 


A-35 The volume IS proportional to the ! Q-36 

number of molecules (n). j 

Van (constant P and T) i 

V = k"n (where k" is a proportionality j 
constant) s 


If the number of moles of gas were 
doubled and the pressure and tempera- 
ture remained the same, what would 
happen to the volume? 



A-36 


A-37 


Volume is doubled. 


» 

: Q-37 The volume occupied at STP by 1 mole 
• of oxygen has been determined by 

I experiment to be 22, 4 liters. This la 

; called the molar volume of oxygen at 

j STP. What is the molar volume of Hj 

:• at STP? 


3 

Since 1 mole of gas contains an 1 Q-38 At STP 1 liter of H, and ! liter of O, are 

Avogadro number of molecules, i observed to weigh 0.0900 g and i .43 g 

and at the same temperature and : respectively. Given that the molecular 

pressure the same number of mole- j weight of Oj is 32, what is the molecular 

cules of different gases occupies s weight of Hj? 

the same volume, one mole of H2 * 

at STP would occupy 22. 4 liters. | 
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A-38 


Since the number of molecules is the 
same in each sample, each hydrogen 
molecule must be 


0. 0900 
1 43 


times as heavy as each 
oxygen molecule 


MW of 


0 0900 g H, 

1-ktee- 

32-gA 

1 ■1-rtep- 

1 43 

h moTe 


= 20 g/mole 


Q-39 At STP 1 00 liter of chlorine (CI 2 ) is 
observed to weigh 3 16 g, and 1 00 
liter of hydrogen (H 2 ) 0.0900 g Given 
that the molecular weight of H 2 is 2 00, 
what IS the molecular weight of CI 2 ? 






A-39 


MW of Ch 



i.oo-hte 

2 , OO-g-fta 

i.dC-Stw 


1 mole 




A-40 


MW 


1. 40 g 

22.4 4Uee- 

1 

* A 1 1 M i 

1 mole 


31.4 g/mole 


Q-40 


The density of a gas at STP is 1 40 
g per liter What is the molecular 
weight of the gas ? (Hint One mole 
of gas at STP occupies 22 4 £, ) 


5 - 






Q-41 Chemical analysis shows that the em- 
pirical formula of ethylene is CH 2 
Ethylene has a density of 1 25 g per 
liter at STP. What is the molecular 
weight and the molecular formula of 
ethylene? 




nil 




A-4i 


MW 


1.25 R 

22.44U«» 

f ’'44llf®NP 

I mole oi gas 


Q-42 What is the volume occupied by 4. 0 
grams of ethylene at STP? 


* 28. 0 g/mole 
The empirical weight is 
C « 12.0 
2H * 2.0 

The molecular formula is some mul- 
tiple of CH,, i.e., {CH,)x- 

Since the molecular weight is a mul- 
tiple of the empirical weight, 


28 

TT* 


afKl 


molecular formula • (CH,), vCaHi | 


A-42 



22. 4 liter STP 


1 mole eihyleae- 


= 3.2 liter at STP 


M e »# « t «« l| f|(|i •«#«»« «4MftWWW #««««#«#' 


I Q-43 How many molecules are there In 6. 0 
I liters of CO, at STP? 

} 
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A-43 Reirembering that one mole = 6 023 x 10 molecules, 


6 0 liter 

1 -mele 

6 023 X 10 molecules 


22 44i-Ur- 

1 mole 


Q-44 How many grams of gas at 1 atm and 
273 °K occupy 3 00 liters if, under 
these conditions, the density of the gas 
IS 4 48 g/liter What is the molecular 
weight of the gas*? 


3 00 4i4ep 

4 48 g 


l-kte¥- 


13 4 


g 


MW = 


4 48 g 

22 4 liter 

1 litop 

1 mole 


= 100 g/mole 


Q-45 A 0‘’C and 2 0 atm, the density of a 

gas is 2 5 g/hter. What is the density 
of the gas at standard conditions? 


A-45 


ViPi = V2P2 

Vi = 1 0 liter V 2 = ? 

Pj = 2.0 atm P 2 = 1 0 atm 

„ ViPi (1 0 liter) ( 2 0 atm) 
2 “ Pj " 1 0 atm 


Q-46 What is the mass of 1 25 moles of gas 
if its density is 1 50 g/liter at 273 ‘*K 
and 380 mm of Hg? (Hint Find the 
density at STP first. ) 


d = 


= 20 liter at STP 

2 5g , 1 2g 
2 0 liter liter 






A-46 PiVi = P 2 V 2 

Pj = 380 mm P 2 = 760 mm 
Vi = 1 00 liter V 2 = ? 

liter STP) 

2 

The density at STP is s 

1 50 g/0 500 liter = 3.00 g/liter 


mass =■ 


3,00 g 

22.4 4UeiL 

1. 25 4»el« 

i 00 4it<tt^ 

1 



84. 0 g 


1 


Q-47 Given that X ar Y and X q <g, combine 

the two prcqportionallty esqpresslons 
into one ejqpression. 


1 


A-47 XaY 


Xa 


Z 


Therefore, X a (Y) (~) 




A-48 


X - A (Y) (|) 

A is a prqiortionallty constant. 


Q-48 Write the proportionality ejqpresslon 
of A-47 In equation form. 


Q-49 X is found to be directly iroportional to 
a third quantity (W). Write an equation 
relating X to the quantities Y, Z and W. 
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A-49 Xa(Y)(-|) XaW 

Combining the above expressions give 

X a (Y) {\) (W) 

X = B(Y)(|) (W) 

B is a proportionality constant 


Q-50 Using the equations given for Boyle's 
law, (V a 1/P), Charles' law, (V a T) 
and Avegadre's principle (Van) derive 
an equation which will relate P, V, T, 
and n to each other An equation 
which gives the relationship between 
the volume, pressure, temperature and 
number of moles of a gas is called an 
equation of state 


A -50 Boyle's law 

V of-p constant T and n 
Charles' law 

V cf T at constant P and n 
Avogadro's principle 

V a n at constant T and P 

V ff (|^) (T) (n) or V == R {-) (T) (n) 

where R is a prqportionaUty con- 
stant. n, the number of molecules, 
is eiqiressed in terms of moles. 
This equation of state is called 
the ideal gas equation. 


Q-51 Using the ideal gas equation derive an 
expression for k of Boyle's law in 
terms of R, T, and n 




A- 51 


yor VP 


k 


j Q-52 


The ideal gas equation gives VP » RTn. 
Therefore, k * RTn 


Using the ideal gas equation, derive 
an expression for k' of Charles' law 
in terms of R, n, and P. 


: 


A-52 


V * k'Tor- 


V 

ip 


Rn 

4 IjpWiNK 


Therefore, k' * 


Rn 


Q-53 Evaluate the constant, R, in the ideal 
gas equation. Use standard condition 
values for V, P, and T, for one mole 
of gas (n. a 1) in the followir^ units: 

V (liters), P (atm), T (“Kelvin) 




•t* 

I 


A-53 


VP 

Tn 


R 


V 

T 


» 22.4 liter 
- 273 K 


P ■ 1 atm 
n • 1 mole 


§ f ^3*|[T n ^moft^ " 0.0820 llter-atm/mole-deg 

I Q-54 


What would the constant R be In units 
of cc-mm of Hig per mole -deg? 
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A- 54 


0 0820 liter atm 

1000 cc 

760 mm Hg 

mole -deg 

1 T 1 

JL T rti7* 

1-afeft 


I Q-55 A 7. 0 g sample of N 2 occupies 8 4 liters 
i at a temperature of 20°C What is the 

i pressure of the sample under these 

i conditions? (Hint Use the ideal gas 

I equation ) 

A- 55 PV = nRT 

i 

fl 

M 

$ 

H 

p = 9 

i 

■ 

« 

« 

V = 8 4 liter 

tt 

N 

m 

m 

R = 0 082 liter-atm/mole-deg : 

T = 273 + 20 

= 293 “K ; 

•> 1 

^ i“°l! - 0 25 moles '• 


P = (0 25-iftete^ (293°4£) (0 082 4rtef-atm) ^ ^ 
8 4 liter dog" mote" 


A- 56 PV = nRT 
P = 


Q-56 A 5. 0 g sample of oxygen {O 2 ) occupies 
4 0 liters at a pressure of 473 mm of 
Hg What IS the temperature of the 
O 2 under these conditions? 




Q-57 


473 

1 atm 


760 mmHg. 


•= 0. 622 atm 


Find the number of moles of a gas that 
would occupy 10. 2 liters at a pressure 
of 3. 7 atm and a temperature of 500 “K. 


V = 
R = 
T = 
n = 

T = 


4. 0 liters 

0, 082 liter- atm/mole-deg 


■ = 0 16 moles 


M-r% 

1 mole 


32-g-Oj 


(0. 622 -afafla) (4. 0 htey-) (mele-deg) iqaox, 
(0. l6 4»o4e) (b. 082 ^ 


«t « • « • ■ H • « « al M nil » « ■ ■ « M * «| » «l «| 




A- 57 PV 
p = 
V = 
n = 
R = 
T = 

n = 


= nRT 
3. 7 atm 
10. 2 liter 
? 

0.082 liter-atm/mole-deg 
500 "K 


Q-58 


A 4. 0 g sample of a gas occupies 8. 0 
liters at STP. What is its volume at 
75'’C and a pressure of 650 mm of Hg? 


(3. 7 -atm) (10. 2 (mole-deg) ,, 

(S66“«j (6.6S5-IBw:Sj “ 
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A- 58 This problem may be solved by two 
methods 


First method 

= 0.36 mole 


8 0 hter 

1 mole 


22 4Mer 


650 ■ mm - Hg - 


1 atm 


= 0 85 atm 


760 mm-Hg 

T = 75 + 273 = 348“K 

^ nRT 
^ P 

(0 36-fiftel:e-)(0 0821iter-fifeHft)(34846g) 
(b. 8 5 -atm) ( d« g - mol ^ 

= 12 liter 

Second method 

PjVi = n,RTi P2V2 = niRTa 


T 2 


= 1^2 

Pj = 760 mm 
Vi = 8 0 liter 
Ti = 273“K 


R = R 


P 2 = 650 mm 
V 2 = ? 

T 2 = 348 ’K 


Q-59 


A- 59 PV = nRT 

P = (715-17. 5) mm = 697 mm 


Q-60 


697-i»«frBg- 


1 atm 




= 0.917 atm 


n * 0, 0273 moles 

R = 0. 082 llter-atom/mole-deg 

T « 273 + 20 = 293'’K 

V » ^0-0273 vM(2n ‘*-ia(0.082 llter-ato^ 
(0,917 

■ 0. 72 liter 


In a particular esperiment, 0 0273 
mole of O 2 gas was collected over 
water at 20°C and at a pressure of 
715 mm Hg What volume was 
occupied by dry oxygen gas ? 

(vapor pressure of H 2 O at 20 “C 

= 17 5 mm Hg) 

(Hint total pressure (715 mm) 



A sample of bromine occupies 2 5 liters 
at 25°C and 3.4 atm pressure. What 
will the temperature be when this 
sample of bromine occupies a volume 
of 4, 0 liters at a pressure of 2 0 atm? 






A-00 PiV, PaVj ni = nj 

Pi a 3.4 atm P 2 « 2. 0 atm 

Vi * 2. 5 liter V 2 » 4. 0 liter 

Ti a 25 4 . 273 a 298“K T 2 = ? 

(2. 0 *tei)(4 . 0 4tter)(298"K) 


Q“61 Using the Ideal gas equation, the ex- 
pression n a mass/MW, where MW » 
molecular weight, and the expression 
for density, d = mass/V, derive an 
equation relating molecular weight to 
density, pressure, and temperature. 


a 280 *K 


S 

i 

lijlii 
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A-61 


PV = nRT 


Q-62 


n = mass/MW 

PV = (RT)(mass)/MW 

d = mass/V 

p (mass)(RT) 

" “‘{vKMWy 


The density of an unknown gas is 3. 6 
g/liter at 25 “C and 1 atm pressure. 
What is the molecular weight of the 
unknown gas ? 


dRT 
^ MW 


and MW = 


dRT 

P 




MW = 

d = 3 6 g/liter 

R = 0 082 liter-atm/mole-deg 
T = 25 + 273 = 298“K 
P = 1 atm 

^ g).(0 082jtou^(298°-K) 
~ (■litw)(4eg-mole)(l-atm) 

= 88 g/mole 


Q-63 In the Dumas method for determining 
the molecular weight of a gas, the gas 
density is found by weighing a bulb of 
known volume filled with the gas. 
Determine the molecular weight of gas 
from the data below. 

mass of bulb evacuated = 120.270 g 

mass of bulb with 1 atm pressure of 
unknown gas at 25“C = 122.667 g 

mass of bulb filled with HjO at a 
temperature of 25 ’C ~ 631 g 

density of HjO at 25 ’C = 0.997 g/ml 


A-63 122.667 (bulb + gas) 

-120 270 (bulb) 

2 397 g (mass of gas) 

631 (bulb + water) 

- 120 (bulb) 

511 g(massofH20) 
Volume of flask 


511 

1 

1 liter 


10.997-^ 

lOOO'fiftJr 


= 0.513 liter 


Density of gas 

2. 397 g 
liter 



= ^ g/liter 


MW 



_ 4 67 g 

0.082 

298 IK 

riitAYt 

r ■4€»g-mole 

1 rti *¥i 


= 114 g/mole 






gases, liquids, and solids 


203 


PART II: Kinetic Molecular Theory 


S-l A model can be constructed to eiqplain the behavior of gases This model is given in the 
form of four concepts known as the Kinetic- molecular Theory which describes ideal gases 

a) Gases consist of particles whose total volume is negligible compared to the entire 
space occupied by a gas 

b) There are no attractive forces between particles 

c) The particles of a gas are in rapid, random, straight-line motion, colliding with 
each other and with the walls of their containers Collisions are perfectly elastic 
(no loss in energy) 

d) The average kinetic energy of the particles of any gas is the same at a given tem- 
perature This energy is dependent only on the absolute temperature 


Q-1 In terms of the kinetic molecular theory, 
explain why the compressibility of gases 
is so great 


jj.. 


A-1 The volume that gas molecules occupy 
IS mostly empty space Therefore, 
when a gas is compressed, it is ]ust 
a reduction of empty space 


Q-2 


A-2 Molecules collide with the walls of 

the container Each collision produces 
a small force and the sum of all the 
forces per unit area is the pressure 


Q-3 


A-3 In a highly compressed gaS any inter- 
molecular forces at work should be 
greatest since the molecules are closer 
together. Since the gas eapands spon- 
taneously when the volume is increased, 
there must not be any appreciable 
binding of one molecule of gas to its 
neighbors. 


Q-4 


A-4 ke O' T 


Q-5 


ke = k*T where k* is a propor- 
tionality constant 

ke = mv* 

Therefore, -^mv^ = k*T 

mv^ = 2k*T 
, 2k^T 

■yi 

m 

For any given kind of molecule, 
m is constant. Thus, 

aT 

vaVT 


According to the kinetic -molecular 
theory, what is gas pressure 


In a highly compressed gas, the mole- 
cules are close together When the 
gas IS allowed to expand it occupies 
all the volume accessible. How does 
this observation support the second 
concept of the kinetic-molecular theory? 


The average kinetic energy is propor- 
tional to the absolute temperature 
(ke a T). 

Kinetic energy can be determined from 

the expression ke = mv^, where m is 

the mass of the molecule and v is its 
velocity Derive a relationship between 
absolute temperature and velocity. 


The kinetic energy of all the molecules 
in a gas sample is not the same; the 
average kinetic energy remains the 
same at a particular temperature. The 
distribution of kinetic energies follows 
a well-known statistical distribution 
curve and is given in the following 



What does each point on the curve 
indicate ? 


prill* matwif »<««»»» J»«li« »M « W » H Kt •«« tt W «i 4 * I 
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A- 5 Each point tells what traction of the • Q-6 In the diagram of Q-5, what would be 

total number of gas molecules have • the most probable value of kinetic 

the kinetic energy value specified | energy 


A-6 The most probable value of kinetic 
energy is the energy corresponding 
to the maximum on the curve This 
would be the kinetic energy marked 
by the letter (a) on the diagram 


A- 7 ke a T. If the temperature increases, 

the total kinetic energy mcreases. 


A-8 It increases More molecules 
would have a higher kinetic 
energy. 


I Q-7 If the temperature of a gas increases, 
I what should happen to the total kinetic 

[ energy of the gas? 


Q-8 If the total kinetic energy of the gas 

increases with increase In temperature, 
what happens to the value for the most 
probable value of kinetic energy ? 


Q-9 Given below are tlie distribution curves 
for fraction of molecules ys kinetic 
energy for a gas sample at two different 
temperatures. Indicate which curve is 
for the gas at the higher temperature. 


fraction 

of 

molecules 


kinetic energy v 



A-9 Tj > Ti 

The area under the two curves must 
be the same because the total number 
of molecules considered is the same. 
The molecules are distributed over 
a greater range of kinetic energies 
at T 2 , with a higher average kinetic 
energy. At T 2 a smaller fraction of 
the molecules have the average ki“ 
netic energy. 


p 

; Q-IO With a knowledge of the relationship 
: between kinetic energy and velocity, 

: draw a diagram which shows the 

; distribution of velocities in a gas 

; sample. 






A- 10 


! Q-ll What happens to the velocity of molecules 
j as the temperature is raised ? 



vplocity 
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A-11 


V a "/TT 


Q-12 


The velocity increases. 


Draw the distribution curves for frac- 
tion of molecules velocity for a 
gas sample at two different tempera- 
tures Indicate which is the higher 
temperature 



Using the kinetic -molecular theory, 
account for the observed behavior of 
gases described by Boyle's law (P=k/V) 

(Hint Pressure is caused by molecular 
collisions) 


A- 13 The pressure of a gas depends on the 
number of particle impacts per unit 
wall area per second As the size of 
the containing vessel is reduced, the 
particles do not have as much volume 
in which to move Therefore, they 
collide with the sides of the container 
more frequently which increases the 
pressure. 

Q-14 Using the kinetic-molecular theory, 
account for the observed behavior of 
gases described by Charles' law 
(P = kT) 

A- 14 Raising the temperature of a gas 
increases the average velocity of 
the particles. Therefore, the 
particles would collide with the 
sides of the container more fre- 
quently, producing a greater 
pressure. 

Q-15 Using the kinetic -molecular theory, 
account for the observed behavior 
of gases described by Dalton's law 

^^total ^A 

A- 15 There are no attractive forces be- 
tween the particles of an ideal gas. 

In a mixture of gases, each particle 
strikes the walls the same number 
of times per second as if no other 
particles were present. Therefore, 
the pressure of a particular gas in a 
mixture is not changed by the presence 
of other gases. 



S-2 


Gases diffuse into one another because the molecules of the gases are in constant motion. 
-The rate of diffusion depends on the velocity of the molecules. At the same temperature, all 
gases have the same average kinetic energy given by the equation 



where m is the mass erf the molecule and v Is the average velocity. 
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Q-16 Derive an expression for the relative 
velocity (or rate of diffusion) of mole- 
cules with mass m . compared with 
those of mass nig ft the same temper- 
ature 


Convert the equation for relative veloc- 
ity as a function of mass into an equation 
in which the relative velocity is a func- 
tion only of molecular weight 

(Hint How is the mass of one molecule 
related to the mass of a mole of mole- 
cules?) 



A- 16 At the same temperature, the kinetic 
energy is the same for the two differ- 
ent molecules, 

keA = keg 

i “aV “ i 


Q-17 


This IS known as Graham's law of 
diffusion 


A-17 


V 



B 


m_N = (MW)_ where N is Avagadro's 
D Jb 

number Multiply both the top and 
bottom of the right side of the equation 
above by VfT 


Q-18 What IS the relative rate of diffusion 
for hydrogen molecules compared to 
those of oxygen at the same temper- 
ature. 



'B V A 
Therefore, 


'B 


f(MW) 

(MWl 


B 




A- 18 MW„ = 2 
tl2 


MW^ = 32 
U2 


V. 


-vir: 


J! 

'"Oa 

Hydrogen molecules diffuse 4 times 
faster than oxygen molecules. 


Q-19 Two samples of gas are at the same 

temperature. The molecules of sample 
A are traveling at twice the speed of 
the molecules of sample B. What is 
the relationship between the mass of 
molecules A and B ? 
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A-19 2A 

''b' V“a 



Q-20 


square both sides 


What is the relative velocity of nitro- 
gen molecules compared with those of 
hydrogen‘s 



The mass of the molecules in sample 
B IS four times the mass of the mole- 
cules m sample A 


A- 20 v^^ ^ /(MW)jj^ 



The velocity of nitrogen molecules is 


Q-21 A container is filled with a mixture of 
oxygen and nitrogen each of which have 
identical partial pressures If a hole 
IS made in the container and gas is 
allowed to escape, will the escaping 
gas be richer in nitrogen or oxygen? 
Why? 




Y28 


slower than hydrogen molecules 


A-21 


Nitrogen The nitrogen molecules 
are moving faster than the oxygen 
molecules and therefore hit the 
hole more times 



S-3 The average kinetic energy of molecules is related to mass and velocity by the equation, 
ke = (|)mv^ The number of collisions which molecules undergo is directly proportional to 
the average velocity of the molecules and the number of molecules Number of collisions 
a (average velocity) (number of molecules) 


Q-22 A 1 liter sample of H 2 is at 0°C and 
1. 00 atm (STP) and a 1 liter sample 
of Oa IS at 0®C and 2,00 atm pressure. 

Compare quantitatively the two samples 
with rei^ect to 

a) number of molecules 

b) average kinetic energy of the 
molecules. 


A-22 a) PV = nRT 

V, R, T are identical 


H 


i 


“h. 

p 


n, 


O 2 

O2 




2 


H2 


Jtl2 


i 

t 


fi 
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A-23 


A- 24 


Since the sample has twice the 
number of moles of 02 (nQ^), it 

has twice the number of molecules 

of Ojin* _ ) as the H 2 sample 
^2 

b) The temperature of the two gases 
IS the same Therefore, the 
average kinetic energy of the 
molecules is the same 


Q-23 For the tw'o gas samples in Q-22, com- 
pare quantitatively the average speed 
of the molecules 


a) ke = I mv^ 

Smce the gases are at the same 
temperature 


Q-24 For the two gas samples described in 
Q-22, compare quantitatively the total 
number of collisions per second with 
the walls 


1 _ --2 

2 Hj 


- 1 


m 


02 '^ 02 


H 2 

3“ - 
O 2 


MW^ 

U 2 ^ 2 

m„ ~ Mw„ 

xl2 II 2 


V, 


V, 


H 

O 2 


/MW, 


2 _ 


O 


MW. 


,2 _ 


H 2 


/^= ^-4 


The average velocity of the H 2 
molecules is four times the aver- 
age velocity of the O 2 molecules. 


For any gas A, 

(number of collisions) a (average velocity)^(number of molecules)^ 


Therefore, 

C„ a v n* „ 
n.2 ii2 nz 

^Oz ^02“^* O2 
and 



o,y\" o,, 

where k is a proportionality constant. 
Since Vjj^ = 4 vq^ 


Q-25 Consider two samples of the same ideal 
gas in two different 1 liter containers. 
The pressure of the two samples is 
equal, but the temperature (in “K) of 
sample B is half that of sample A. 
Compare the two samples quantitatively 
with reflect to 

a) number of molecules. 

b) average kinetic energy of the mole- 
cules 


and n* 


Hz 


n’*', 


— g- 



number collisions Hz number 
collislcms O 2 
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A-25 


a) PV = nRT 

P, V, R are identical 

"a^'a = "b^b 

T, IS twice T_ 

A B 


= 2 = 




B 


n; 


Sample B has twice the number of 
particles as sample A 

b) KeaT 

T. IS twice Tn 
A B 

Therefore, the average kinetic 
energy of sample A is twice 
that of sample B 


Q-26 For the two samples of gas described 
m Q-25, compare quantitatively the 
average speed of the particles 


A-26 


ke = i mv^ 

rriA = 

A B 
(ke)^ = 2(ke)g 


Q-27 For the two gas samples in Q-25, 
compare quantitatively the total 
number of collisions per second 
with the walls. 


2 


'B 


'B 


(ke)^ 

IkeT 


B 


= ^ 


Therefore, the speed of the particles 
in sample A is -/j times faster than 
those in sample B. 


A-27 Collisions 


A > 


Collisions. 


B 


''A = ^''b 



and n* 


Thus, 

Collisions, 


n 


B 

"T" 


Qoiiislons 


B 
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S-4 Real eases deviate from ideal behavior One reason is that the attractive forces between 
molecules are not negligible The attractive forces existing between molecules are due to 

a) dipole-dipole attractions (positive end of one polar bond attracts the negative end 
of another polar bond) 

b) van der Waals forces (motion of electrons in nonpolar molecules give rise to mo- 
mentary dipoles) 

c) hydrogen bonds (hydrogen forms a bridge-bond between two highly electronegative 
atoms) 


Q-28 How would the fact that molecules 
attract one another cause a gas to 
deviate from ideal behavior ? 


A-28 The interaction between molecules of 
a gas would cause a molecule to col- 
lide with the wall of a container with 
less force Thus, the gas pressure 
would be less than that expected from 
an ideal gas. 






A-29 Low temperatures At high temper- 
atures, the high kinetic energy 
(greater motion) will overcome the 
forces of attraction 


Q-29 Would the effect produced by molecular 
attractions be more apparent at high or 
low temperatures? 




Q-30 If an ideal gas is allowed to expand, no 
temperature change should be observed 
because no energy is required to sepa- 
rate the particles. Would a temperature 
change be expected if a real gas is 
allowed to expand ? Why? 






A-30 The gas should cool. Energy is needed 
to break the force of attraction between 
the molecules This energy is obtained 
by absorption of heat. 


Q-31 What other factor does the kinetic mol- 
ecular theory ignore which might cause 
a gas to deviate from ideality ? 


: 
s 


A-31 


The fact that the actual volume occupied 
by the particles is not negligible. 


Q-32 


How would the fact that the actual vol- 
ume occupied by molecules is not neg- 
ligible cause a gas to deviate from 
ideal behavior. 




A-32 The volume occupied by a molecule 
is not available for another molecule. 
Thus, the free volume (empty ^ace) 
is less than the volume in which the 
molecules are contained. 


I 


Q-33 Wcwld the fact that the actual volume 
occupied by molecules is not negligible 
be more i^arent at htgdi low pres- 
sure? Why? 


: 




A-33 High pressures. At high pressures 
the molecules are closer together. 
The actual volume erf the molecules 
becomes s^tficant compared to the 
volume m which the molecules are 
contained. Therefore, the empty 
space becomes significantly different 
than the volume of the container. 


Q-34 


U the radius of an argon atom is 
1.54 X iO"* cm, what per cent of the 
total volume occupied by one mole 
of argon gas at STP is enq^ty ^pace? 
4 


(V 


■yf 
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A-34 Volume of one argon atom 


• jrr^ =1(3 14)(1 54xl0-8cm)® 


= 1 53 X 10"^®cmVatom 


Total volume = 


Q-35 Why do gases approach ideal behavior 
at low pressures'? 


(6 02x 10*»^)(153x10-*»^) | 

■ 

M 

= 9 21 cmV mole “ 

% empty space = 

= 99 96% or 100% for three i 

significant figures j 


A-35 Since the distance between molecules 
is very large, the forces of attraction 
between molecules are small. Also, 
the actual volume of the molecules is 
negligible compared to the total vol- 
ume of the container. 


Q-36 An equation of state which taJces into 
account the deviation from ideality of 
a real gas is the van der Waal's equation 

(V - nb) (P +•—) = nRT 

(a and b are constants which are differ- 
ent for each gas ) 

Comparing the van der Waal's equation 
with the ideal gas equation, which term 
corrects for the volume occupied by the 
molecules and which term corrects for 
the forces of attraction between mole- 
cules? 


A-36 nb volume correction 


attraction correction 


A*'' 








'■ii «i • . 








PART III: Liquids 


S-1 When the kinetic energy of the molecules in a gas is lowered, the velxity of the molecules 
decreases. At sufficiently low velocity, the attractive forces between the molecules cause 
. the molecules to coalesce (condense) into a cluster which settles to the bottom of the con- 
tainer as a liquid. 
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What effect would temperature have on 
the condensation of a gas ? 


A-1 At a lower temperature, the kinetic I Q-2 What effect would pressure have on the 

energy of the gas molecules is less ■ condensation of a gas? 

The attractive forces will eventually ; 

overcome the kinetic energy when the j 
temperature becomes low enough ■ 

Therefore, all gases will condense ; 

into a liquid at sufficiently low tern- | 

peratures • 


At high pressures the gas molecules 
move close together, making the 
attractive forces between molecules 
stronger Therefore, increasing 
pressure tends to condense a gas 
However, every gas has a critical 
temperature above which it cannot 
be condensed into a liquid regardless 
of how high the pressure is 


Gas A has strong attractive forces while 
gas B has weak attractive forces Which 
gas would be expected to have the highest 
critical temperature? Why? 


Gas A has the highest critical temper- 
ature Because of the strong attrac- 
tive forces, the temperature required 
to prevent condensation of gas A would 
be higher than for gas B 


Gas C has a critical temperature of 
200'’K while gas D has a critical tem- 
perature of 300 ‘K, Which molecules 
have the greater attractive forces? 


Molecules of D have the greater at- 
tractive forces. Because a higher 
temperature is required to prevent 
the condensation of gas D, the at- 
tractive forces must be greater 
between molecules of D than between 
molecules of C 


The density of liquid argon is 1.40 g per 
mi at -186‘’C. If the argon atom is 
assumed to be a sphere of radius 
1.54 X 10"®cm, what percentage of 
liquid argon is apparently empty space? 

(V = -j- 71 r») 


1.40-g- 1 1 I 6 02 x 10^ atoms 

\ 40 0-g-i iTwkoS 

= 2. 11 X 10®* atoms 
volume of 1 atom 

= -|- (3 14)(1.54 X 10-« cm)=> 

= 1.53 X 10-*® cm® 
volume of 1.40 g of atoms 

= (1.53X 10-®®cm®K2.11 x 10*®) 
= 0 323 cm® 

volume of 1.40 g of liquid 
= 1.000 cm® 

% empty space 

= (1.000 cm® - 0.323 cm®){100) 

= 67.7% 


m 

! Q-6 According to the kinetic molecular 
* theory, why should gases be more 

j compressible than liquids? 
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A- 6 The amount of free space between the 

molecules of a liquid is much less than 
between the molecules of a gas Any 
attempt to compress the molecules 
meets with resistance because elec- 
tron clouds of adjacent molecules 
repel each other 

Q-7 According +o the kinetic- molecular 

theory, why do liquids diffuse very 
slowly 

A- 7 In a liquid, the molecules are very 
close together and cannot move very 
far before colliding with neighboring 
molecules Therefore, diffusion is 
very slow due to the many collisions 
that a migrating molecule undergoes 



S-2 A molecule of a liquid may at some time have enough kinetic energy to overcome the forces 
of attraction between neighboring molecules. When this happens, the molecule can escape 
from its neighboring liquid molecules and become a gas molecule This process is called 
evaporation 


Q-8 The kinetic energy distribution for mol- 
ecules IS the same as for molecules of 
a gas at the identical temperature The 
distribution is shown below. 



: 

r 


The shaded area represents the fraction 
of molecules with enough kinetic energy 
to escape from the liquid. Draw the 
distribution curve you would expect at 
a higher temperature and shade in the 
area that represents the fraction of mol- 
ecules with enough kinetic energy to 
escape from the liquid. 



Q-9 Using the distribution plot given in the 
preceding answer, explain why more 
molecules escape from the liquid at a 
higher temperature. 
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A-9 Since more molecules have enough 
kinetic energy to overcome the 
attractive forces between mole- 
cules, more will escape 

Q-10 When liquid molecules escape into the 
gaseous state, what can be said about 
the average energy of the molecules 
remaining in the liquid state ? 

(Hint see graph in A- 8) 

A- 10 The kinetic energy of the escaping 
molecules is greater than the mole- 
cules remaining behind Therefore, 
the average kinetic energy of the 
molecules in the liquid is less 

Q-11 When a molecule escapes from the sur- 
face of a liquid, does the temperature 
of the remaining liquid increase or de- 
crease? Why? 

A- 11 A decrease in kinetic energy causes 
a decrease in temperature Since 
the lower energy molecules remain 
in the liquid, the temperature must 
be lower 

nfeovf ft 

^ lit'iliiiK i 

have low < 

$i)i| diffiu9# ' ' 1 


S-3 If a liquid is placed m a closed container, the liquid evaporates and the pressure above the 
liquid increases After a period of time the level of the liquid does not change and the pres- 
sure does not mcrease further This apparent lack of change in the system can be explained 
as follows The gas molecules above the liquid are in constant motion and collide with the 
surface of the liquid and lose kinetic energy. The decrease in kinetic energy may result in 
a molecule having insufficient energy to overcome the intermolecular attractions If such a 
collision occurs the gas molecule becomes a liquid molecule When the rate at which mol- 
ecules leave the surface of the liquid is equal to the rate at which they return, the system 
IS said to be in equilibrium It is a dynamic equilibrium because, even though no overall 
change is observed, two exactly equal and opposite changes are occurring. 


A-12 The vapor pressure of a liquid in- 
creases with increasing temper- 
ature because more molecules in 
the liquid obtain enough kinetic energy 
to escape. This increases the 
number of molecules in the gaseous 
state, thus increasing the pressure. 

A-13 The vapor pressure is independent 
of the amount of the liquid phase as 
long as there is some liquid phase 
present. The vapor pressure is 
only dqiendent on the temperature 
of the HaO. 


* 

: Q-12 The pressure of the gas molecules above 
I a liquid when equilibrium is obtained at 

5 a given temperature is known as the 

I vapor pressure of the liquid substance. 

I How does the vapor pressure of a liquid 

: change with change in temperature ? 

s Why? 

S 

II 

• 

[ Q-13 If liquid water is injected into a sealed 

I evacuated container, how does the 

I pressure in the vapor phase depend on 

I the amount of liquid water In the con- 

i talner ? 

» 


i » Q-14 Would molecules with high mutual at- 
traction be expected to have a high or 
low vapor pressure? Why? 


HiMlIM lll^ 
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A- 14 Molecules which have a high mutual 
attraction have a small tendency to 
escape into the vapor phase Such a 
liquid would have a 1 ^ vapor pres- 
sure 


A-15 Dipole interactions, van der Waal's 
attractions, hydrogen bonding 


A- 16 H 2 O greatest 
CHCI 3 least 


Q-15 What kind of attractive forces are 
possible between molecules in the 
liquid state‘s 


Q-16 Consider the following equilibrium 
vapor pressures at 20°C for the 
compounds listed below 

H 2 O 17 5 mm Hg 

CCI 4 91 0 mm Hg 

CHCI 3 160 mm Hg 

Which compound has the least and 
which compound has the greatest 
intermolecular attraction? 


Q-17 The boiling point of a liquid is the 
temperature at which the vapor 
pressure of the liquid is equal to 
the external pressure on the sur- 
face of that liquid. At which 
external pressure, 740 or 760 mm 
of Hg, does H 2 O have the higher 
boiling point? Why? 


A- 17 760, In order to obtain a vapor pres- [ 

sure of 760 mm Hg, the water must • 
be at a higher temperature than that t 
necessary to obtain a vapor pressure [ 
of 740 mm Hg • 




Q-18 In order to avoid ambiguity, it is 
necessary to define a standard, or 
normal boiling point The normal 
boiling point is the temperature at 
which the vapor pressure of a liquid 
is equal to one atmosphere 

What would be predicted for the 
relationship between normal boiling 
point and attractive forces between 
the molecules of a liquid? 


A- 18 The higher the normal boiling point. 


the greater the attractive forces be- 

ft 

i 

■ 

t 

i 

i 

i 

ft 

points 


tween the molecules of a liquid. 

CSj 

46.3®C 


ft 

S 

s 

ft 

ft 

ft 

1 

H 2 O 

100 0°C 


CCI 4 

77,0°C 


Q-19 Given the following normal boiling 


s 

A- 19 CSj ! 


Q-20 




In which liquid are the intermolecular 
attractive forces weakest? 


Is the equilibrium vapor pressure of 
water measured at 25°C at sea level 
greater than, less than or the same 
as that measured at 25°C at an ele- 
vation of 1 mile? 
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A-20 Same as The vapor pressure of a | Q-21 

liquid IS a function of the temperature j 

of the liquid : 


Is the boiling point of water measured 
at sea level greater than, less than, or 
the same as that measured at an ele- 
vation of 1 mile? 


A- 21 Greater than. 


A-22 Same as The normal boiling point 
IS the temperature at which the 
vapor pressure of a liquid is equal 
to one atmosphere pressure 


A- 23 Greater in liquid S02- 


1 Q-22 Is the normal boiling point of water 

s measured at sea level greater than, 

i less than, or the same as that mea- 

; sured at an elevation of 1 mile? 


a 

j Q-23 The normal boiling point of liquid HCl 
; IS -84° C At this temperature, the vapor 

; pressure of SO2 is less than 10 mm Hg. 

i Are the inter molecular attractions 

; greater in liquid SOj or liquid HCl ? 

■ 

; Q-24 In a series of similar compounds (for 
! instance CaHg, CsHg, C4H10) the normal 

j boiling point is highest for the compound 

I of greatest molecular weight. Why? 


A-24 The higher the molecular weight, the j Q-25 Which compound would be expected to 
more atoms there are present in the j have the highest normal boiling point? 

molecule and thus the number of at- j ^ 

tractive forces among the molecules | 2 6» a 81 

are greater j 

« 

A-25 CjHg J Q“26 From the graph below, find the normal 


boiling point for ethyl alcohol. 


vepor 

pressure 
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PART IV: Solids 


S-l When the temperature of liquid molecules is reduced, a temperature is eventually reached 
at which the attractive forces between the molecules are strong enough to hold them in fixed 
positions and a solid forms In solids the molecules are arranged in definite geometric pat- 
terns In the solid state the molecules are not stationary, but their motion is very re- 
stricted 


; Q-1 When a solid changes into a liquid, the 

i process is called melting The tem- 

; perature at which the melting occurs 

■ IS called the melting point In terms of 

: the kinetic -molecular theory account 

: for the fact that solids melt when the 

; temperature reaches a high enough 

; value 


A-1 The molecules in a solid vibrate about 
a fixed position When the temperature 
IS increased, their kinetic energy is 
increased, causing the molecules to 
vibrate more rapidly. A temperature 
is reached (melting point) where the 
intermolecular attractive forces can 
no longer hold the vibrating molecules, 
thus allowing them to slip out of their 
rigid position in the solid lattice 


Q-2 The density of solid argon is 1 65 g per 
ml at -233 °C If the argon atom is 
assumed to be a sphere of radius 

1 54xlO“®cm(V =-|- 7 rr®), 

what percentage of solid argon is appar- 
ently empty space? Compare with 
gaseous argon A-34, Part in 


1.65^^ 

1 mole 

6 02 X 10*® atoms 


40 Og- 

1 mole 


= 2. 48 X 10** atoms ! 

m 

m 

Volume of one atom from A-34, part HI i 
= 1.53 X 10”** cm® 1 

i 

Volume of 1.65 g of atoms : 

= (1.53 X 10-*®)(2.48 X 10** atoms) I 

= 0.379 cm® I 

Volume of 1 65 g of solid = 1. 000 cm® j 

• 

% empty space \ 

» (1.000 cm® - 0.879 cm®) (100) I 

= 62 1% i 

* 

» 

" 5 

A-3 In solids the molecules are in contact : 

with each other, leaving very little free j 
volume. However, gas molecules are ; 

far apart, leaving considerable free I 

volume Into which the molecules can • 

be compressed. ; 


Q-3 In terms of the kinetic -molecular theory, 
account for the fact that solids are 
essentially incompressible, whereas 
gases are easily compressed. 


Q-4 In terms of the kinetic- molecular theory 
account for the fact that diffusion in 
solids is many times slower than in 
liquids. 
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A'-4 In the solid state molecules have per- 
manent positions from which they do 
not move far, whereas molecules in 
the liquid state are free to slide over 
each other to take up different positions 


Q-5 Consider the following heating curve for 
a substance 





* 

■ 

A-5 Yes According to the kinetic-mole- | 
cular theory, if the temperature is ■ 
the same, the kinetic energy must be j 
the same j 

- 

: 

A-6 Since the attractive forces are stronger • 
m the solid, energy is required to dis- : 
rupt these forces in order to convert j 
the solid to the liquid. • 


If heat IS added at a constant rate, the 
increase in temperature of the solid 
with time is indicated by the line ab. 

The line be represents the time when 
heat IS added to the solid and liquid 
which are at equilibrium at the melting 
temperature, h The temperature does 
not increase along the line be because 
the heat added is used to do work against 
attractive forces in the crystal when the 
crystal melts. Is the kinetic energy of 
the solid and liquid the same at b and c ? 


Q-6 Energy is required to convert a solid at 
its melting point into a liquid. Why ? 
(Hint: Are the attractive forces stronger 
in the solid or the liquid state?) 

Q-7 Is the potential energy the same at b 
and c? 


A- 7 No The potential energy increases 

because work is done against attrac- 
tive forces in the crystal. 

A-8 The line cd represents the increase 

in temperature of the liquid with time. 




Q-8 What does the line cd r^resent? 




Q-9 What does the temperature g represent ? 




A-9 The temperature g is the boiling tem- 
perature of the liquid. 


A-10 The temperature doesn't increase be- \ 
cause at the boiling point the heat added | 
does not Increase the kinetic ©nergy, but s 
does Increase the potential energy. The | 
potential energy is incr«ised because 1 
work is (tone against attractive forces in | 
the liquid when the liquid boUs. I 


r 

i Q-IO Why doesn't the ten^erature increase 
f along the line de? 

# 


Q-ll What does the line ef represent? 
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A-11 


The line ef represents the increase in 


Q-12 


temperature of the gas with time 


When a liquid crystallizes, the temper- 
ature remains constant until all the 
liquid has solidified A cooling curve 
(temperature ys time) for the crystal- 
lization of a liquid is given below 



time 


increasing 


A- 12 At time b 


A- 13 At time c 


A- 14 At temperature f, solid and liquid 
states exist in equilibrium This 
temperature is called the freezing 
point of the liquid or the melting 
point of the solid. 


A- 15 The heat of melting or, more com- 
monly, the heat of fusion. 

A- 16 Equal to. 


At what time does solid first begin to 
form? 


Q-13 In the graph of temperature ys time 
for the cooling curve, at what time 
does all the liquid become solid? 


j Q-14 In the graph of Q-12, at what tempera- 
; ture do the solid and liquid states exist 

I in equilibrium? What is the tempera- 

; ture called? 

■f*— 

: Q-15 When a liquid at temperature f changes 
; into a solid at the same temperature, 

■ energy is given off When a solid at 

I temperature f changes to a liquid at 

j the same temperature energy is ab- 

• sorbed If the energy released in crys- 

I tallization is called the heat of crys- 

{ tallization, what is the energy absorbed 

: called. 


Q-16 Will the energy released in crystalliza- 
tion be equal to, greater than or less 
than the energy absorbed in melting? 


I Q-17 As energy is removed from a liquid its 
i temperature decreases until the freezing 

j point is reached. Continued removal of 

J energy does not cause a decrease in 

I temperature of the solid-liquid mixture 

I until all of the liquid is frozen Why? 
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A- 17 When the particles crystallize the 
potential energy decreases and the 
energy is released as heat which 
compensates for the energy removed 



S-2 Unlike gases or liquids, substances in the solid state are characterized by a definite geo- 
metrical arrax^ement of particles within the solid. The three dimensional arrangement of 
particles gives rise to a crystal lattice which can be determined by X-ray study. The pat- 
tern which IS repeated to give the crystal lattice is called the unit cell. The simplest type 
of unit cell system has a cubic pattern There are three types of cubic cells: simple cubic, 
body-centered cubic and face-centered cubic. In the drawing below, the radii of the atoms 
are greatly reduced for clarity 



simple cubic body-centered cubic fece-centered cubic 


A- 18 





! Q-18 Draw the unit cell for a metal, A, which 
I has a simple cubic crystal structure 

! 

Q-19 Li metal has a body-centered cubic 
structure. Draw the unit cell for Li 
metal. 




A-19 



Q-20 Ai metal has a face-centered cubic 
structure. Draw the unit cell for A1 
metal. 




I at *«•«««•«#«•«■ I 
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Q-21 Ba metal has a body-centered cubic 
structure Draw the unit cell of Ba 
metal 




Q-22 Gold (Au) has a face-centered cubic 
structure Draw the unit cell of gold 




S-3 In a simple cubic unit cell each atom occupying a lattice site of the cell is shared by eight 
unit cells 

unit cell 


Therefore, each atom contributes 1/8 of itself to any one unit cell 



Q-23 If an element has a,Tllmple cubic unit 
cell, how many atoms of the element 
are in each unit cell? 


A-23 Eight atoms (one at each corner of the 
cube) contribute 1/8 of an atom to the 
cell. 

Therefore, each unit cell contains 
1/8(8 atoms) « 1 atom 


Q-24 In a body-centered cubic unit cell each 
atom occupying the corners of the cell 
is shared by eight unit cells. The atom 
in the center of a cell is part of only 
one unit cell. 

If cesium metal has a body-centered 
cubic structure, how many atoms are 
in each unit cell ? 


1/8(8 atoms at corners) ■ 1 atom 


1 atom at the center 


s 1 atom 

2 atoms in 
each unit cell 


Q-25 




1 


In a face-centered cubic unit cell, each 
atom occupying the corners of the cell 
is shared by eight cells. The atoms at 
the face of the cube are shared by two 
unit cells. 

How many faces are there in a cube ? 
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A-25 Six 


Q-26 What is the total contribution to each 
cell of all the atoms on the faces of a 
face-centered cubic unit cell? 


A-26 1/2 (6 atoms at faces) = 3 atoms 


Q-27 If copper metal has a face-centered 
cubic structure, how many atoms of 
Cu are in each unit cell? 


A-27 1/8 (8 atoms at corners) = 1 atom 

1/2 (6 atoms at faces) = 3 atoms 

4 atoms m 
each unit cell 


Q-28 The dimensions of cubic unit ceils are 
usually given m Angstrom units 
(10"® A = 1 cm) What is the volume 
of a gubic unit cell with one edge equal 
to 2 A? 


A-28 Volume = (2 A)® = 8 A® 


Q-29 Vanadium metal has a body-centered 
cubic structure ajid the length of the 
unit cell is 3. 04 A. Calculate the 
volume of the unit cell in cubic 
centimeters. 


A-29 Volume = (3 04 A)® = 28. 1 A® /unit cell 
1 A = 10"® cm 
Thus, 


Q-30 Vanadium has a density of 5.96 g/cm®. 
Calculate the mass of one unit cell. 


volume = 


28 1A2 

10"®^ cm® 

1 unit cell 

1 3 


= 2 81 X 10-®® cm® 




A-30 


5 96 g 

2 81xl0-®®-e«h® 


unit cell 


= 1.67 X 10“®® g/unit cell 


Q-31 How many vanadium atoms are in each 
unit cell of the element? (Vanadium 
has a body-centered cubic structure. ) 




A-31 1/8(8 atoms at corners) = 1 atom 

1 atom at center = 1 atom 

^ atoms 


I 


Q-32 Calculate the mass of one vanadium atom 
usli^ the data from A-3Q and A-3L 




A-32 1 67 X 10“®® g 

1 «iit cell 

1 unit cell 

2 aiorai 

= 8 35 X 10“®® g/atom 

A-33 8,35 X 10“®® g 

6,02 X 10®®-atw»- 


1 mole 


I Q-33 From the data cfetalned in A-32, calcu- 
late the mass of one mole of vanadium 
atoms (atomic wtlfdif)' 


s 

I 

I 
* 

f 

I Q-34 


= 50 3 g/mole 

(actual atomic weight = 50,9) 


Molybdenum (Mo) has a body -centered 
structure and a density of 10, 2 g/cm*. 
The length of each unit cell is 3. 14 A. 
Calculate the atomic weight of Mo from 
this data. 
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(3 14 3A)3 

10 10 2 e 

■unit' cell 1 6 02 X 10®® atom 

unit -eell 

= 95 0 

(actual ato 

1 A® 
g/mole 

mic weight = 95 9 

1 2-at-Qm 1 

1 mole 

Q-35 Lithium (Li) metal has a body-ceg.tered 
cubic structure, a unit cell 3 50 A on a 
side, a density of 0 53 g/cm® and an 
atomic weight of 6 94 g/mole From this 
data, calculate a value for Avogadro’s 
number 

(Hint First calculate the volume (in A®) 
of a mole of Li atoms, and then the num- 
ber of unit cells in a mole of Li atoms 

A-35 6 94 g-ti- 

l-em-® lA® 

1 unit (^oll 

2 atoms 

I mbkir 

= 62 

Avogadro' 

|0 53^1 10-^^^^ 
X 10®® atoms/mole 
s number (actual vi 

(3 50 A)® 1 

alue) = 6 02 x 
! 

1 unit eellr 

10®® 

Q-36 Aluminum metal has a face-centered 
cubic structure How many A1 atoms 
are in each unit cell of the element? 



A-36 1/8 (8 atoms at corners) = 1 atom 

1/2 (6 atoms at faces) = 3 atoms 

4 atoms m 
each unit cell. 

Q-37 A1 has a unit cell 4 04 A on a side and 
a density of 2, 70 g/cm® Calculate 
the atomic weight of A1 metal 

A-37 (4 04 A)* Il0"o*-«B-* | 2 70 g I 1 unit- cell |6 02 x l0^®-ate«HB- 

1 unit oell I | | 4-at&mB 

= 26 8 g/mole 

(actual atomic weight = 26 98) 

1 1 mole 

Q-38 Ag metal has a face-centered structure, 
a density of 10. 5 g/cm® and an atomic 
weight of 108 g/mole. Calculate the 
mass of a unit cell of Ag metal 

A-38 108 g Ag 

1 mole 

4utem€r 

Q-39 From the data in Q-38 and A-38, cal- 
culate the length of an edge of a unit 
cell of Ag metal 

= 71.8 

6.02 X 10®® atomS’ 
X 10“®® g Ag/unit c 

1 unit cell 

ell 

A-39 71.8xlO"^®«A«| l-««i2 

ll» 

Q-40 Gold has a face-pentered cubic structure, 
a unit cell 4. 07 A on a side, a density 
of 19. 3 g/cm®, and an atomic weight of 
197 g/mole. Calculate a value for 
Avogadro's number from this data. 

unit cell [lOS-gAg- ] 

= volume of the unit cell 

0 

* 68. 4 A® 



length of an edge of the cell = ^68 4 


= 4. 09 A : 

I 

« 

The length of the unit cell determined by | 
X-ray Is 4, 077 A. | 

t 

« 
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A-40 197-^AAt 

c 

1 i 

1 unit ceU 

4 atoms 

1 mole Au 

|l9 3g- 

10“^^ -ee^ 

(4 07 A)3 

1 unit cell 


= 6 06 X 10^^ atoms/mole 
Avogadro's number (actual value) = 6 02 x 10^® 


"hj ' 4 "i m - f 

* ‘ , iH lb(| 

«re kmm. 


al diuMfusitiiii d( lb# iseHt^ali '^J 




q) 

^fa.. .i. ^ ^ 



iililiMiilllii^^ 



S-4 Based upon the nature of the particles which occupy the lattice points and the forces holding 
a lattice together, crystal structures may be classed as: metallic, ionic, molecular or co- 
valent All crystals discussed so far have been metallic 


TYPE OF 
CRYSTAL 

PARTICLES AT THE 
LATTICE SITES 

FORCE HOLDING 

LATTICE TOGETHER 

covalent 

atoms 

covalent 

ionic 

positive and negative ions 

electrostatic 

metallic 

metal ions 

attraction between metal 
ions and electrons sur- 
rounding the metal ions 

molecular 

molecules 

van der Waals, dipofe- 
dipolo, hydrogen bonds 


i <5-41 






What type ot crystal Is KCl? What 
particles occupy the lattice points? 


A-41 Ionic crystal. K'*' ions and Cl" ions 
occupy the lattice sites and the ions 
are held by electrostatic forces. 


I Q-42 


KCl has a cubic structure. Sketch a 
face-centered cube showing only K* 
ions at the lattice sites. 


A-42 





j Q-43 

s 


Sketch a face-centered cube showing 
only Cf ions at the lattice sites. . 
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A-43 



Q-44 


The structure of KCl consists of inter- 
penetrating cubes with lattice sites as 
drawn in A-42 and A-43 

The two alternative unit cells of KCl 
are illustrated below Note that figure 
I has K ions at the points of a face- 
centered cube with Cl~ ions equidistant 
be^een K ions, and that Figure H shows 
Cl ions at the points of face-centered 
cube with K"'" ions equidistant between 
Cl ions 





Figure I 


Figure II 


• = 

0= Cl’ 


According to Figure I, how many JC" 
ions are in the unit cell? 


I K’*‘lon 


A-44 1/8(8 K"*" ions at corners) 

1/2(6 K’*' Ions at faces) * 3 K'^'ions 


4 K^lons 


A-45 1/4(12 Cl" ions on edges) ■ 3 Cl” ions 

One Cl" ton at center » 1 crion 


Q-45 Ions at the edge of a cube contribute ^ 
of an ion to a unit cell. How many Cl" 
ions are in the unit cell in Figure I. 
(Don't forget the Cl" ion in the center of 
the cube, ) 

What is the ratio of K'^ ions to Cl" ions 
in the unit cell of KCl? 

Q-46 According to Figure H, what is the ratio 
of K'*’ ions to Cl ions? 


4 Cl ions 


■nttffibfii: af-iS-isai., 

number of Cl ions 4 




A-46 1/4(12 iC''' ions on edges) ■ 3 K'^'lons 

One K* ion at center * 1 K’*^ion 

4 K'^ions 

1/8(8 Cl’ions at corners) ■ 1 crion 
1/2 (6 Cl’ioas at faces) » 3 Cl’ions 


Q-47 What type of crystal is ice ? 

(HjO molecules occupy the lattice sites. ) 


4 Cl ions 


ratio of to Cl -1:1 




A-47 Molecular 


A-48 Molecular 


L 

I Q-48 What type of crystal is Hj? 

Q-49 What type of crystal is diamond (carbon 
atoms are joined by covalent bonds)? 
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A-49 Covalent 


Q- 50 In the diamond structure each carbon 
atom IS bonded to four other carbon 
atoms m a tetrahedral arrangement. 
Sketch the diamond crystal structure 


A- 50 







This IS only part of the 
unit cell of carbon 




^TpgBlny ^ 

iMp 

% mill imt 
SMriSlI 



Because of the different types of forces holding crystals together (see S-4), in general, the 
lattice strength decreases according to the type of crystal structure in the following order; 

covalent > ionic > metallic > molecular 


Q-51 Strong binding forces in a crystal make 
the crystal hard and high melting. 

According to the information given in 
S“5, which type of crystal should be 
the hardest and have the highest melting 
point? 







A-51 Covalent crystals. (The hardest sub- 
stance known is diamond - a cova- 
lent crystal. ) 


• Q-52 Which type of crystal should be the 
{ softest and have the lowest melting 

5 point? 






A-52 Molecular (Many molecular crys- 
tals have such low melting points 
that the substance is a gas at room 
temperature, e. g. - Hj. ) 

A- 53 The "sea of electrons" surrounding 
the metal ions at the lattice points 
is very mobile; therefore, the elec- 
trical conductivity of metallic solids 
IS very high 


Electrical conductivity of a solid requires 
that the solid have mdbile electrons. 

Which type of crystal should be a good 
electrical conductor? 

Metals are also good conductors of heat. 
How does the metallic theory of bonding 
account for this? 
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A- 54 The thermal energy could be transported 
from one part of the solid to the other 
by the mobile electrons 

Q-55 Would the attractive forces in a metal 
be directional (oriented in one specific 
direction) or non- directional (uniform 
m all directions)*^ (Hint The lattice 
site, occupied by a metal ion, is sur- 
rounded by a "sesi of electrons ”) 

A- 5 5 Non-directional, because the metallic 
ion IS surrounded by electrons all of 
which are equivalent 

Q-56 If the attractive forces in a metallic cry- 
stal are non-directional, will there be 
any strongly preferred position for the 
metallic ion? 

A- 56 No. The metallic ion will feel the same 
attractive forces in many different posi- 
tions It should be easy to move a me- 
tallic ion from one position to another 

Q-57 Metals are malleable (easily flattened 
into sheets) and ductile (easily drawn 
into wire) How can these properties 
be accounted for in terms of the metallic 
theory of bonding ? 

A- 57 If the forces holding the metal together 
are non-directional, the metal ions 
can be moved fairly easily from one 
lattice site to another Thus, flatten- 
ing the metal or drawing it into wire 
does not require the breaking of any 
strong attractive forces, 
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NOTES 



COLLIGATIVE PROPERTIES 


Chapter 6 

Part I Solutions of Miscible Liquids 

After completing this section you should 

a) be able to calculate the mole fraction of the components of a solution 

b) understand the relationship of the mole fraction of a component of a solution to its 
partial vapor pressure (Raoult’s law) 

c) understand the relationship of partial vapor pressure to total vapor pressure 

d) understand the relationship of the mole fraction of a component in the vapor phase to 
its mole fraction in the liquid j^ase 

e) understand boiling point diagrams and fractional distillation. 


Part 11: Solutions of Nonvolatile Solutes 

After completing this section you should 

a) understand the effect of a nonvolatile solute on the vapor pressure, boilii^ point, 
and freezing point of a liquid 

b) be able to calculate tiie molecular weight and percent dissociation of a solute from 
colligative property data 

c) understand the nature of osmotic pressure. 
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PART I: Solutions of Miscible Liquids 


S-l In a solution of two mutually soluble liquids the concentration of each component can be ex- 
pressed as the mole fraction The mole fraction is the number of moles of the component 
present divided by the total number of moles of all the components present in a solution (in- 
cluding the solvent) 


A-1 


A-2 


A-3 


: Q-1 Write an expression for the mole frac- 
: tion X A , of component A, for a solution 

: containing n a moles of A and ng moles 

i of B. 

■} - 


Xa 


^A 

ha + ng 


Q-2 What must be the sum of the mole frac 
tions of the components of a solution? 






«t « M « W M M «« W «• M « (•VMM# #«*«!** 4* W «#!)*«» 41 


Xa + Xg = 1 or 
Xa + Xg H- . + Xz = 1 


Q-3 A solution contains 1 00 mole of ethyl 
bromid^ CH 3 CH 2 Br, and 3, 00 moles of 
propyl Whomide, CHsCHjCHaBr. 'What is 
the mole fraction of ethyl bromide? 


Xethyl bromide 


^ethyl bromide 

^propyl bromide ^ethyl bromide 



1.00 mole 

1.00 



■" 3 00 mole + 1.00 mole 

= ’O0' 



= 0 250 

» 

* 

• 

« 

* 

A 

4 

• 

» 

• 

t 

» 

* 

Q-4 

A solution contains 2. 80 moles of ace- 
tone, CHjCOCHg, and 8. 20 moles of 
chloroform, CHClg. Calculate the mole 
fraction of acetone. 

A-4 

Xacetone 

• 

« 

» 

^acetone ; 

^acetone'*' “^ihloroform ; 

i 

Q-5 

What is the mole fraction of chloroform 
in the solution of Q-4? 


t 

2.80 mole i 

2, 80 mole + 8 20 mole • ! 

• 




= 0 254 : 

» 



• 

<1 


A cr * 

Xacetone + Xchio3.0fQj.m ® 1-000 : 

« 

« 

Xchloroform “ 1*000 - X^cetone i 

Q-6 

Calculate the mole fraction of all the 
components of a solution which contains 
the following liquids. 


= 1.000 - 0.254 i 


CHgCOCHj, acetone 0. 250 mole 


= 0.746 I 


CHClj, chloroform 0.750 mole 

CjHi, benzene 0.900 mole 
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^acetone “ 


^acetone 

Acetone + •^chloroform + •'benzene 


0 250 mole 

0 250 mole + 0 750 mole + 0.900 mole 

- _ 0 132 * 

1 90 ■ ; 

s 

V 0.750 ; 

■^chloroform = XW“ “ ^ 395 ; 

^acetone + ^chloroform + ^benzene ^ 

^benzene “ 1-000 - X^hioroform “ Acetone 

« 1.000 - 0.131 - 0.394 ; ^ - 

c Q-7 A 

= 1.000 - 0.525 ; oi 

= 0.475 i 


A solution is made mixing 7. 80 grams 
of benzene, CgHg, and 46. 0 grams of 
toluene, CHgCgHg. 

Calculate the mole fraction of benzene 
in the solution. 


^^benzene ~ 
■'^l^toluene “ ^^*1 



Juit as It Is possible to describe an ideal gas, it is also possible to describe an ideal solu- 
tion and predict its properties from theoretical considerations. In an ideal solution the 
vaHous pure components do not experience any change in properties other than dilution. In 
an ideal solution of two or more volatile liquids at a given temperature, each liquid estab- 
lishes a partial vapor pressure which is equal to the vapor pressure of the pure liquid mul- 
tiplied the mole fraction of that liquid in the solution. This is a statement of Raoult*s 
Law. 


H is the vapor pressure of pure A, 
write an exjMression for the partial pres- 
sure of A, in terms of PJ[ and Xa- 




•••I 
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A-8 


Pa = Pa^a 


! Q-9 


If Pg is the vapor pressure of pure B, 
write an expression for partial pressure 
of B, Pg, in terms of Pg and Xg in 
an ideal solution. 


« totama.* «jR II II «iMi ■ • u • ■ JuiaBJLajuujiuiuuuLUiuuuULiuiJuuuULiuuMJUUUJUijMLauUMt 




A-9 Pg = PbXb 


jiHawanivmtafliiiiMKJiawvaiiiiiiiiMiiM naawiiaiBiiaii^^^AAwaa 

A-10 Pa = PaXa 

= (234 mm Hg)(0 2 50} 

= 58. 5 mm Hg 


: Q-10 If the vapor pressure of pure A is 
: 234 mm Hg at 20'’C, what is the jartial 

I vapor pressure of A above an ideal 

I solution at 20® C if the mole fraction of 

j A is equal to 0.250? 

» 

* 

■ 

M 

; Q-11 The vapor pressure of pure ethylene di- 
j bromide, CaH^Br^, at 85®C is 170 mm 

j Hg. Calculate the partial vapor pressure 

; of ethylene dibromide above an ideal 

j solution at 85° C with a mole fraction of 

; ethylene dibromide of 0.250. 


A-11 


^CjHiBra " ^C2H4Br2 ^CaHtBrz 
= (170 mmHg)(0.250) 
= 42 5 mm Hg 


Q-12 Calculate the partial pressure of C 2 H 4 Br 2 
at 85°C for an ideal solution with a mole 
fraction of C 2 H 4 Br 2 of 0.500 and 0.750. 




A-12 


PCjH^Br2 “ Hg)(0. 500) 

a 85. 0 mm Hjg 

PCjjH4Br2 ~ Hg)(0.750) 

a 128 mm Hg 


Q-13 Plot the values for the vapor pressure 
of C 2 H 4 Bra calculated in A- 11 and A-12 
on the figure below. It should be em- 
phasized that the graph to be plotted will 
be total vapor pressure versus mole 
fraction for a two component solution in 
which temperature remains constant. 



RieSs fieedon - Cl H 4 BT} 






pressure — mm Hg 
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S-3 For an ideal solution of two or more volatile liquids the total vapor pressure is equal to the 
sum of the partial pressures of all the components. 


Q-i6 Consider an ideal solution with the mole 
fraction of ethylene dlbromide, CjH|Brj, 
equal to 0.250 and the mole fraction of 
propylene dibromlde, CjHiBr;, equal to 
0.750. What is the total vapor pressure 
of this solution at 85‘ C ? (See A« 1 1 and 
A- 14 for partial pressure data. ) 


A-16 


J'total = PCjH,Brj + PCjH,Brj 
= 42. 5 mm + 97. 5 mm 

= 140 mm 


Q-17 Calculate the total vapor pressure of 
the following solutions at 85”C, assum- 
ing ideal behavior; 

») Xc,H,Br. • 0- MO 
• 0’»0 

») *C,H,Br, • 0.’M 

Xc,H,Br. ■ 0.iM 

(See A-U end A-I4. ) 
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A-17 a) Ptotal = 85 0 mm + 65 0 mm 
= 150 mm 

128 mm + 32, 5 mm 
= 160 mm 


b) P, 


Q-18 Plot the values for total vapor pressure 
calculated m A-16 and A-17 on the fig- 
ure below. 


total 



A-18 


o> 

X 

£ 

E 



■f'”**""” * 

j Q-19 Refer to A-13 and A-15 and plot the 
■ values for the partial pressure of ethyl- 

; ene dibromide and propylene dibromide 

\ on the figure below. 

\ 


0.250 0.500 0.760 

mole fraction - C3H4Br2 


1 00 



mole fraction - CaH4Br2 
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A-19 


Q-20 The figure in A-19 is a graphical repre- 
sentation of the fact that the total vapor 
pressure of volatile liquids in an ideal 
solution IS equal to the sum of the partial 
pressures. To verify this, determine 
the value of the vapor pressure at points 
a, b, c on the figure below. 


ai 

X 

B 

E 


o 

a 

(Q 

> 



0 250 0 500 0 750 

mole fraction - Cj H4Bri 


0 250 0 600 0.7S0 

mole frection ~ Cj H«Br, 


A-20 point a 
point b 
point c 


pressure ;= 50. 0 mm 
pressure = 105 mm 
pressure = 155 mm 


Q-21 


Calculate the total vapor pressure for 
the following solution at 20“ C, assuming 
ideal behavior. 


X 


P o 
v|n| 


CeH| 

r* XU 


0.250 
» 0.760 


■ 74.2 mm Hg (20" C) 
" 20.9mmHg(20"C) 


Q-22 


P = P^ X* 

benzene "■ benzene "oenzene 

= (74. 2 mm)(0. 250) 

= 18. 6 mm 


■ toluene 


total 


« po Y 

toluene toluene 
= (20.9 mra)(0. 750) 

= 15.7 mm 

“ ^benzene * ^toluene 
= 18.6 mm + 15,7 mm 
= 34. 3 mm 


Calculate the total vapor pressure of 
the following solution at 20" C. 


X 


■CfH, 


*0.600 
0,600 


Assume ideal behavior. 
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Pbenzene = ^ 

= 55 6 mm 

I'tol.en. = (20.9mm)(0.260) 
= 5. 22 mm 

Plow = 


Q-24 Plot the values for partial and total 

pressure calculated m A-21, A-22 and 
A-23 on the figure below. 


i1 ‘t 


Nt ' ' ‘in'! f hM .i ( T t 

lilt'’' ^ nfi'* 'rKil r ) ' -I'l 
70 wl [ If m I f l 'Wnt mt- iti^ t* 

Jil lifHlI. !nlCW^'i7j fi'!:ii:''i-:^i',i|F!!ia 

1 l iSiil i l i'l l“il; ®;i 


30 


I fiifi j i! 

. i.. . , ..i .i. 4 1). . . . i . t l I 

. M , '-J.. I ^ 


7 7 ! ill ! •! 


' i 


CL '' 1 I iiifif'*' il*’" 7"t nt 'I ‘ '•'I'n'i I ■ 

§■ ‘ f ' I '■ 7 . '1- ' a ■' '■ 1 ' It ! 


t, , ; ,jt I , 1% , . I' ..|h-, 4 . t^{j, 7 II • ' '•‘^7 


7 — p:T-7ttil 
1 . \* 


t 1 Mr, 


0 260 0 500 0 750 1 00 


mole fraction -■ CjHj 
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S-4 The vapor pressure exerted by a solution of two liquids is due to the bombardment of the 
walls of the container by the vapor molecules The vapor is a mixture composed of mole- 
cules from both components of the solution For an ideal solution the vapor composition 
can be calculated 


Q-25 How is the pressure of a vapor related 
to the number of molecules of a gas 
present? 


A-25 The pressure of a gas is directly 

proportional to the number of molecules 


Q-26 How IS the partial pressure of a gas, 

P^, related to the number of moles of 
a gas, present in a mixture of 

gases ? Express the answer in equation 
form. 


A-26 The partial pressure is directly pro- 
portional to the number of moles of gas 
present m a mixture of gases. 

= k n^^^^ where P^^ is the partial 
pressure, k is a proportionality con- 
stant which IS the same for all gases, 
and n^^P°^ are the moles of gas a. 


Q-27 Write an equation in terms of 

and njg^P®^ for the mole fraction of a 
gas, in a mixture of two gases 

A and R 


A-27 


■JUULHIUKai WJt, ■ ■ ■ * ■». 


25 -vapor 




_vapor 


vapor vapor 

"a ^ 


Q-28 Write an equation which shows the re- 
lationship of the mole fraction of a gas, 
xy , (xy « X/apor) to the partial 
pAssur^of A Md B in a mixture of the 
two gases. 

(Hint: Refer to A-26 and A-27. ) 


ait dll,* It ««■«<» 




A-28 


xy = 

A .,v 


n, 


Q-29 


Remembering that xy » -*r 

A F* 


n\ + n 


Pa = ^"a 

Therefore, 


B 

Pt, * k n.y 
B B 


and that ■ 


^a*’a 




xy 


P^/k 

A py'k + Pg7k 


total 

Xj^quid) 

write an equation which shows the rela- 
tionship of the mole fraction of vapor to 
the mole fraction of liquid and the vapor 
pressure of the pure liquid. 


and 


IT*^ S3 ^ - 

^A P. + p. 


B notal 




A-29 Pa = *1 Pi 
Thus, 


Xj 


total 


Q-30 Calculate the mole fraction of benzene 
in the vapor phase that is in equilibrium 
with the following solution at 20” C. 

^C,H, • *»“' HK ^20*0 

**total ■ 24.2 mm )BEg (20*C) 


Assume Idesl bi^vior. 
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A-30 




YV 

TJ 


(0.250)(74 2 mm) 
" (STI15H] 

= 0,542 


Q-31 The figure given below is a graph of the 
total vapor pressure as a function of 
mole fraction (plotted in A-24) for the 
benzene-toluene system By using the 
same abscissa (x-axis) to represent the 
composition of the vapor as well as the 
liquid composition, plot on the graph 
the value of the mole fraction of benzene 
vapor at the total vapor pressure given 
in Q-30 



A-31 The total vapor pressure for the solu- 
tion is 34.2 mm (see A-30). 



Q-32 Calculate the mole fraction of benzene 
in the vapor phase that is in equilibrium 
with the following solution at 20° C. 

= 0.500 

benzene 


yjf 

toluene 


a 0.500 

a 47.6 mm Hfe (20° C) 


total 

Assume ideal behavior. 




vapor pressure — mm Hg 
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A-32 




VX -po 

_ ^CgHe ^CgHe 
^total 

_ (0 500) (74.2 mm) 
“ (47.5 mm) 

= 0,781 


A-33 




«, liiiilkalk'; iii*? 


■ 1 liquid 






f 

FI 

1 n 

if 

. 1 

iir 

p 

•ij! 





["**T 

jj 

ut 




ir lltil Mijjij! 

!liiu iliiliLl lij,.'! j-I-. 

0 0,2B0 0.S00 0.760 1.00 

nwle fraction - CsH* 


Q-33 The following data give the mole fraction 
of benzene in the vapor phase for two 
more solutions at 20° C: 


■1 

benzene 

■vS. 

toluene 

XV 

TT 

CgXlg 

^total 

0.750 

0.250 

0.912 

60, 8 mm 

0.100 

0.900 

0 283 

26. 2 mm 


Plot on the graph below the value obtained 
in A-32 and the data given above 


80 h r 


CO 60 


f “hi'1 


^Lli L. .1 4 

.’•i' : ,V 

1 I , 


1 liquid ■ 

} > 1 


( ■ I 


<=■ 30 

k. 

& 

> 20 




0 0.250 0.600 0.750 1.00 

mol« fraction - C*H* 


Q-34 The graph obtained in A-33 (shown below) 
can be used to determine the vapor com- 
position above any solution of benzene 
and toluene. 

What is the composition of vapor in 
equilibrium with the foUowir^ solution? 

- 0.600 - 0.400 


ni' 

lui 

IF 

tTT* 

,ji 

jMiSpdtr, 


hi 
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1' 

iJl 

TT 

s 

f} 

V! 

nt 
» 1 

.ij 

tt 

hEi 

* i 

1 ii 

iii4 

]F 

:n l; 

Uk 

s 

p 

1 

It- 

Ijl!’ 

' tt’ 

' J 

rr 1. 

□ 

F? 

!*'»*,*' 

F! 

Luu# 





,0 iB|||ip 

0 iilhii.i Jii ^ . 1 1 . ir |n- j[‘ 

0 (mo asoo a78o i.oo 

mole fmetioii - C«H|i 
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S-5 In the previous section, vapor pressure diagrams were studied. On these diagrams pres- 
sure was plotted versus mole fraction and temperature was constant. It is also useful to 
construct boiling point digrams. On these diagrams, the temperature at which liquid and 
vapor are at equilibrium at one atmosphere (normal boiling point) is plotted versus mole 
fraction. The boiling point diagram shown below is for the nearly ideal benzene -toluene 
system. 



mole fraction -C4H4 


Q-36 What is the composition of the vapor in 
equilibrium with the following solution 
at its normal boiling point? 



S moltfrictton-C*H* 

t 
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wMwmiwiniiiaw ■■■■■■ WWW wwiii**«*‘«wwwini'ginrwnn i ' r K' w r B» ‘g w »«wwirainrg 


■tfuvrs'rwKvwv 


A-36 


A-37 



rr 

^CHsCgHg 


= 0.42 
= 0.58 



«v 

C«H| 

w V 

'^CH,C,Hs 


- 0.80 

w 0.20 


Twvvw If ■ w w w« n w 4 «« ww • N ■ « « m m «'nrmrr«'ff r t rv «N « « g « v«r w « « ■ I 

Q-37 What is the composition of the vapor in 
equilibrium with the following solution 
at its normal boiling point? 


CgHe 

■yri 

^CHaCgHs 


= 0.60 
= 0.40 



sviggg^pggggg^ 


Q-38 How does the mole fraction of benzene 
vapor in equilibrium with the solution at 
its normal boiling point in Q-37 compare 
with the mole fraction of benzene in the 
solution? 


t 


■•«.*.«#»»«*««»«*«l.«***»«.*M».ll»»)l«»»**».M»»0«»»M««t>*M»«*«»«»«««4'***«»‘"*»“*“**«‘****"*******‘“****""*'****"******'*”***’‘*"*“***”*' 

i 

A-38 The vapor has a higgler mole fraction • Q-39 A substance is said to be more volatile 

of benzene than the solution. (0.80 I than another if it has a higher vapor 

comparedtoO.60.) 4 pressure at any given temperature. Is 

I benzene or toluene more volatile ? 


#g«ggggggg*#g«g#ggg««g»g»«w**e#*iie*ie**eeg*gg«gg»e*«»*ie»<»#«ii*e#*»i»*»*ie»*****e*^“****^*"*****^*******'*^***^*******'^****'***'**********’‘***********'** ************ 
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A-39 Benzene has a lower boiling point; 
therefore, it has a higher vapor pres- 
sure which causes it to be more volatile 
than toluene. 


Q-40 


In general, the vapor in equilibrium 
with a solution will always have a higher 
mole fraction of the more volatile com- 
ponent than did the original solution. If 
a portion of the vapor above the solution 
in Q-37 were removed from the system 
and cooled, at what temperature would 
it condense? 


A-40 



mole fraction -CsH< 

Condensation temperature * 84®C 



0 0.2 0.4 0.6 08 1.0 

mole fraction -CftH* 


Q-41 What would be the composition of the 
vapor in equilibrium with the liquid con- 
densed in Q-40 if the liquid is at its 
normal boiling point? 



mole fraction ~C|H* 
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A-41 



y-V 

'^CgHe 

y V 

r* tr 


= 0.90 

= 0.10 


Q-42 The process of condensation and vapor- 
ization can be repeated over and over 
(fractional distillation) by means of a 
fractionating column which is illustrated 
below. At each plate, condensation 
occurs and the liquid and vapor are re- 
equilibrated. The mole fraction of the 
more volatile component continuously 
increases in the portion condensed 
(distillate) on each successive plate 

What happens to the composition of the 
residue? 


condenser 


fractionating 
column 


plates 


residue 



A-42 The residue is enriched in the less 
volatile component. 


Q-43 How does the boiling point of the residue 
compare with that of the original solu- 
tion? 




A-43 The normal boiling point of the residue 
would increase because more high 
boiling component is present. 


Q-44 In order to verify that benzene and 

toluene can be separated by fractional 
distillation, sketch on the curve below 
four fractional distillation steps starting 
with the following solution. 


v£ 

tar 


0. 5 


XT 

^11300x15 


0.5 


What is the vapor composition after four 
distillation steps? 
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A-44 


s 



02 04 06 08 
mole fraction -CgHfi 


*C,H, 

vV 

CHsCgHj 


= 0.98 
= 0 02 


A-45 



0.2 04 06 0.8 10 
mole fraction -C3H7 OH 


^C3H70H 

yV 

C(HjOH 


= 0.5 
= 0.5 


Q-45 The diagram below is the boiling point 
diagram for the nearly ideal system 
2 -methyl propanol-1 (C 4 H 9 OH) and 
propanol-2 (C 3 H 7 OH) 



What is the composition of the vapor in 
equilibrium with the following solution 
at its normal boiling point? 

^CsHjOH * 


vl 

^C 4 H 90 H 


0.70 


$ 

: Q-46 What would be the composition of the 
i distillate from the solution in Q-45 

i after five fractional distillation steps? 












vapor pre^re — mm Hg 
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Q-1 Using the figure below, plot the data 
given for water in S~l, and draw a 
smooth curve to represent the dependence 
of the vapor pressure of water on tem- 
perature. 



A-1 


Q-2 



What is the definition of the normal boil - 
ing point of a pure liquid ? What Is the 
normal boiling point of pure water 
according to the graph l^low. 
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A-2 The normal boiling point of a pure 

liquid IS the temperature at which the 
vapor pressure is equal to one atmos- 
phere or 760 mm Hg 


The normal boiling point of pure water 
is 100“ C. 



Q-3 If a nonvolatile solute is dissolved in a 
pure liquid, it is observed that the vapor 
pressure is lowered . Explain this 
phenomenon in terms of Raoult's law. 

(Hint A nonvolatile solute by definition 
would not contribute to the total vapor 
pressure. ) 






A-3 


Since the solute does not contribute to 
the total vapor pressure, the total 
vapor pressure is equal to the partial 
pressure of the solvent. 


Raoult's law says 


Pa = Pa ^a 


Q-4 


Since is always less than one for a 
solution, the partial pressure, P^, is 
always less than the pressure of the 
pure liquid . 


Below is a plot of vapor pressure vs 
temperature for a pure liquid. A non- 
volatile solute is added to the liquid. 
Sketch the vapor pressure - temperature 
curve for the resulting solution. 
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A-7 



Q-8 The boilii^ point elevation is a colhgative 
property, i. e. , it is a property which 
depends only on the number of solute 
particles in solution and not on the nature 
of these particles. The concentration 
unit most useful in expressing the number 
of solute particles when dealing with 
colhgative properties is molality. What 
IS the defimtion of molality ? 


A-8 


A-9 


The boiling point of a solution is higher ; 
because the temperature at which the ■ 
vapor pressure equals 760 mm is j 

higher (point b) j 

- — — 5 


Molality is the moles of solute per kg : Q-9 If one mole of solute particles is dis- 

(1000 g) of solvent. j solved in 1000 g of pure solvent, the 

; boiling point elevation is always the 

: same and is characteristic of the sol- 

I vent. This change in boiling point is 

[ called the molal boiling point elevation 

I constant . K^. is different for differ- 

! ent solvents. For water, is observed 

I to be 0. 52 "C. If one mole of a sugar 

: is dissolved in 1000 g of water, what is 

: the boiling point of the resulting solu- 

: tion? 

» 

m 


Tb = lOO.OO^C + 0. 52'’C 
= 100. 52° C 


Q-10 Below is a plot of boiling point vs the 
molal concentration for a series of 
dilute solutions. 



The slope of the line is equal to K^, the 
molal boiling point constant. The point 
to IS the boilii^ point of the pure solvent. 

a) Derive an equation which relates the 
boiling point of a solution, t, molality, 
m, the constant K^, and the boiling 
point of the pure solvent, to. 

b) Derive an equation for the boiling 
point elevation (t - to). 
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A- 10 Ttie equation of a straight line has the 
form: 

y = ax + b 

In the plot, y = t, a = Kk, x = m, and 
b = to 

Therefore 

t = K^m + tfl 
t - to = AT= Kj^m 


Q-11 If 2 0 moles of a sugar are dissolved in 
1000 g of water, what is the boiling 
point of the resulting solution? 

(Assume that the solute is nonvolatile. ) 


A-11 AT = 


Tk = 


K^m 

(0, 52 deg /mol a l )(2 O-moial) 
1.0®C 

100.00 + 1,0 = 101 0®C 


Q-12 If 2,0 moles of a sugar are dissolved in 
500 g of water, what is the boiling point 
of the resulting solution? 


A-12 


2 0 mole 

1000 -g- 

500 -g- 

1 


kg 

= 4.0 molal 


AT = K^m 


0 52 deg 

4.0«ielal- 



= 2.1 deg 


= 100.00“C 

+ 2.1“C 


Q-13 The molal boiling point elevation constant 
(Kfe) for CCI4 is 5.02 deg/mole. Ttie 
boiling point of pure CCI4 is 76.8“ C. 
Calculate the boiling point of a 1.00 molal 
solution of naphthalene, CjqHj, in CCi4 

(Assume that the solute is nonvolatile. ) 


= 102.1°C 


A- 13 AT = K^m 


5 02 deg 

l.OO^neiarl. 

■molal 


5.02 deg 


(78.8 + 5, 

0 

0 

0 


Q-14 What is the boiling point of a solution 

made by dissolving 2.00 g of naphthalene, 
CioHg, in 25.0 g of CCI4? 


= 81.8“C 

MM « Jl M n !■ w « ■ » n « « « n aijl |l H M M « a • MU n IP « • 

A-14 Kb = 5.02 deg/molal 


m 


z-oo-g-eroHs 

lOOOg^Cl-4 

1 C|^K^ 

25.0'g-eGlr 

11 kg CCI4 

i28«-%4Jr 


= 0.625 0.625 molal 
1 kg CCI4 

_ 5.02 deg I 0.625-«ft©lal. « . .0... 

AT * 3.14 c 

Tb = (76.8 + 3.14)“C » 79.9“C 


i 


Q-15 The boiling point elevation constant (K^) 
for benzene, C|H«, is 2.67 deg/molid. 
The boiling point of pure benzene is 
SO.l^C. Calculate the boiling point of 
a solution made fay dissolving 6.00 g of 
stilbene, CuHts, in 15.0 g of benzene, 

(Assume that the solute is nonvolatile. ) 


5 
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A-15 

m 


= 2 57 deg/molal 


5oos-eiftj 

1000 

1 mole C 14 H 12 

15 0 r«i«, 

lkgC,He 

leof^i 


1 85 = 1 85 molal 

1 kg CfiHfi 


Q-16 


AT 

Tb 


A-16 AT = 


Kv 


2 57 deg 

1 85«1'QM- 

y>'\ i1 

"iTixn. ixr 

1 

(80 1 + 4 

75) C =• 2 .' 

Kj^m 


AT 


m 



= 4 75 deg 


Calculate the value of for chloroform, 
CHCI 3 , from the following data 

Boiling point of pure CHCI 3 = 61 3° C 
A solution containing 5 02 g of napthalene, 
CioHg, in 18 0 g of CHCI 3 boils at 69 5°C. 


AT = (69.5 - 61 3)'’C = 8.2'-T 
.n 


5 02-f-%jH;i 

1000 g-CHCls 

1 mole CiflHg 

IbO-g-^ffa, 

1 kg CHCI 3 

izs^reuHs 


Ku = 


2 18 ae 

1 kg CHCl. 

8.2 deg « Q deg 
Ms molal molS 


2 molal 


5 Q-17 


Calculate the value of K]j for diethyl 
ether, C 4 H 10 O, given the following data. 

Boiling point of pure diethyl ether is 
34.6® C A solution of 6 80 g of benzoic 
acid, CgHjCOOH, in 20.0 g of diethyl 
ether boils at 40 6 ® C (Assume that 
the solute is nonvolatile ) 


A-17 AT 

Kb 

AT 

m 


Kjjm 

AT 

m 

(40.6 - 34 6 )®C = 6,0®C 


6 80t €;fis€O€WH" 

1000 g0j%0- 

1 mole CgHgCOOH 

20 .0gC4Hn)0 

1 CiHi,0 





2 79 = 2.79 molal 

1 kg C 4 H 10 O 

- 4Q . 2 2 

2.*if9 molal molal 
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The figure below is a pliase diagram for water (not drawn to scale). The line AD represents 
the temperatures and pressures at which water and its vapor are at equilibrium. 

Line CD represents the temperatures and pressures at which water and ice are at equilib- 
rium. 

Line BD represents the temperatures and pressures at which ice and vapor are at equilib- 
rium 

Pomt D IS the temperature and pressure at which ice, water and vapor are at equilibrium 
and is called the triple point. 



Q-18 What point corresponds to the normal 
boiling point pure water? 


A- 18 The boiling point at standard pressure 
is the temperature at which the vapor 
pressure equals 1 atmosphere. This 
corresponds to point A. 


Q-19 What point corresponds to the freeaing 

point of pure water at standard pressure? 




Q-19 The freezing point of a liquid at a given 
pressure is the temperature at which 
the vapor pressure of the solid and 
liquid phases are equal. The freezing 
point at standard pressure corresponds 
to point C. 


Q-20 If a nonvolatile solute is dissolved in a 
pure liquid, it is observed that the vapor 
pressure is lowered. 

On the graph below, the effect of vapor 
pressure lowering on the line CD has 
been indicated by a dotted line FG. 
Complete the figure by showing the effect 
of vapor pressure lowering on the line AD. 


1 «tm 





100 “ 


TempenKuri - “C 
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How has the vapor pressure lowering 
affected the freezing point of the solu- 
tion? 



S-3 The freezing point depression is a colligative property, i. e. , it is a property which depends 
only on the number of solute particles in solution and not on the nature of the solute parti- 
cles. If one mole of solute particles is dissolved in 1000 g of pure solvent, the change in 
freezing point is always the same and is characteristic ^ solvent. 


Q-22 K one mole of nonvolatile particles is 
dissolved in 1000 g of water, the freez- 
ing point is 1.86®C lower than that of 
pure water. The molal freezing point 
depression constant. Kj, for water ls^ 

thus, 1.86 deg/molal. 

1 

A mole of a sugar is dissolved in 1000 g 
of water. What is the freezing point of 
the solution? 
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A-22 Tf = 0.00'’ C - 
= -1.86°C 


1 86°C 


Q-23 Below IS a plot of freezing point vs the 
molal concentration for a series of 
dilute solutions. 



The slope of the line is equsd to -Kf , 
where Kf is defined as the molal freez- 
ing point depression constant. The 
point to is the freezing point of the pure 
solvent, 

a) Derive an equation which relates the 
freezing point of a solution, t, 
molality, m, the constant I^, and 
the freezing point of the pure solvent, 
to. 

b) Derive an equation for the freezing 
point depression (to - t * AT). 


A-23 The equation of a straight line has the 
form: 

y = ax + b 

In the plot, y = t, a = -K^, x = m, 
and b = to- 


Therefore 


t = -Kfm + to 
to - t = AT = Kfm 




A-24 AT = Kf 


m 


_ 1.86®C 

2.00 -molal 

~ -molal- 


= 3 72®C 


= 0.00®C 

- 3.72®C 


0,100 mole 

1000 .g. 

250 

riig 


= 0.400 mole/kg = 0.400 molal 
AT = Kfm 


1.86®C 

0.400 

■molal 



= 0.744® C 

* 0.000 - 0.744°C « -0.744'’C 


Q-24 What is the freezing point of a 2.00 
molal solution of a sugar in water? 


Q-26 Calculate the freezing point of a solution 
which has 0.100 mole of a sugar dis- 
solved in 250 g of water. 


= -3.72®C 


Q-26 Calculate the freezing point of a solution 
made by dissolving 34.2 g of a sugar in 
500 g of water. The molecular weight of 
the sugar is 342. 


»U «« M mm-m^ •« a arM ■ 


ea #«•*#«» «M» • #»#«•••)♦«•»#« * 
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A-26 34 2 .ff-sagar 

1 mole sugar 1000 

Q-27 Calculate the freezmg point of a solution 
made by dissolving 42 0 g of mannohep- 
tose, C 7 H 14 O 7 , in 100 g of water 

(Assume that the solute is nonvolatile ) 

"SOO-gHHire- 

= 0 200 — 

AT = Kjm 

1 86 ° C 
~ -awlat 

= 0 372®C 

Tf = 0 000 - 

342.§-6ugar 1 kg H 2 O 

= 0 200 moM 

kg H 2 O 

0 200 -m-olal 

0 372°C = -0 372°C 

A-27 42 0 g-CTfi-ner 

1 mole C 7 H 14 O 7 1000 


210 1 kg 112 ^ 


AT = Kfm 
186®C 

= 2 00 molal 

2 00 -molal- 

Q-28 The freezing point depression constant 
for camphor is 37.7°C/molal. The 
normal freezing point is 178.4° C 
Calculate the freezing point of solution 
made by dissolving 20.0 g of an organic 
solute, Y, with a MW of 150, in 100 g 
of camphor. 

(Assume that the solute is nonvolatile ) 

“ -molal- 

= 3.72°C 
Tf = 0 00®C - 

3.72°C = -3.72®C 

A-28 20 0-g-5f 

1 mole Y 1000 

iOO -g-'CaBaphor 

iSO-g-Y- 1 kg camphor 


1. 33 mole Y 
1 kg camphor 


= 1 33 molal 


AT * Kjm = 


37.7°C 

1 33-i»ek)r 

-mekl" 


i 50 1°C 


C - 50 1° 

C = 128 3°C 


Q-29 The freezing point depression constant 
Kf (often called the cryoscopic constant) 
for benzene, CgHj, is 5.12°C/molal. 

The normal freezing point of benzene is 
5.48®C. 

Calculate the freezing point of a solution 
made by dissolving 30.0 g of an organic 
solute, X, with a MW of 175, in 50.0 g 
of benzene. 

(Assume that the solute is nonvolatile. ) 


A-29 


30.0-f-» 

1 mole X 

1000 -g-Cg^ 

SOO-g^ 

[1715'-g4-n 

1 kg CgHg 


= 3 43 = 3.43 molal 


AT * Kjm 


5.12°C 

0 . 




= ^.e^c 

Tf ^ 5 48“C - 17.6®C = -12.1*C 


Q-30 Calculate the value of Kf for urethane 
given the following data. 

Freezing point of pure urethane = 49.7®C. 
A solution made by dissolving 10.0 g of 
a nonvolatile organic solute, Z, in 
30.0 g of urethane freezes at 36.5®C. 

MW of Z s 130. 
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A-30 AT = 


= 49 7°C - 36 5°C = 13 2°C 


10 

30.0 g ur e thai 

2,56 mole Z 
1 kg urethane 

13 2°C 


1000 g urcthftn< 
^ 1 1 1^ urethane 

= 2.56 molal 


1 mole Z 
130-g Z- 

i Q-31 


= 5.16“C/molal 


Freezing point depression data may be 
used to calculate the molecular weight 
of an unknown substance. The molecular 
formula may also be calculated if the 
empirical formula is known from ana- 
lytical data. 

A solution made by dissolving 90.0 g of 
glucose in 1000 g of water freezes at 
-0 93®C. Calculate the molality of this 
solution 

(Assume that the solute is nonvolatile. ) 


A-31 AT = 


0 93°-C- 1 molal 
1 . 86 °-€ 


= 0.50 molal = 0 50- 


Q-32 If 90.0 g of glucose is equivalent to 

0,50 mole of glucose, what is the weight 
of one mole of glucose? 


1 kg H2O 


• IUUUIUI.lt 


A-32 90 0 g ion / 1 

- O^ m o re = 1®“ 


A-33 The molecular formula is some mul- ; 
tiple of CH2O, which may be repre- \ 

sented by (CH20)n- ; 

The empirical formula weight is I 

12.0 + 2(1.00) + 16.0 = 30.0 \ 

180 - I 

n =-55--= 6 I 

The molecular formula is J 


Q-33 Analytical data show that the empirical 
formula for glucose is CHjO. What is 
the molecular formula? 

Q-34 A solution made by dissolving 45.0 g of 
arabinose in 500 g of water freezes at 
-las'-c. 

Calculate the molecular weight of 
arabinose. 

(Hint; Calculate molality first. ) 
(Assume that the solute is nonvolatile. ) 


(CHjOe = CgHiaOj . 




A-34 AT = Kjm 

I.IS'’-^ 1 molal 




» 0.608 molal = 0 608 
90.0 g arabinose * 0.608 mole 

-|^j^g/mole = 148 g/mole 


Q-35 The empirical formula of arabinose is 
CHjO, 

Calculate the molecular formula of 
arabinose. 
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A-35 The empirical formula weight is 

12 0 + 2(1 00) + 16,0 = 30 0 

The molecular formula is given by 
(CH 20 )n 

148 , 

■ 30 0 ^ 

The molecular formula is 
(CHaOs = C5H10O5 

The data show that molecular weights 
determined by freezing point depression 
are not exact The exact molecular 
weight of arabinose is 150 (3 signifi- 

cant figures. ) 


Q-36 A solution made by dissolving 4 00 g of 
an organic solute, A, in 50 0 g of ben- 
zene freezes at 3 74° C 

Kf for benzene = 5 12°C/molal 
Freezing point of pure benzene = 5 48°C 

Calculate the molecular weight and 
molecular formula of A. The empirical 
formula of A is C 3 H 2 Br 

(Assume that the solute is nonvolatile ) 


A-36 AT = Kfm 


AT = 5 48°C - 

• 3.74°C 

1 74°-e 


ill — 

1 5 12'-€ 


= 0 340 molal 


= 0 340 


mole A 

1 kg CgHg 


4,00 g A 



So.Ot^ 1 


0.340 mole A 


= 235 g A/mole A 

The molecular formula is given 
(CsHzBr)^, . 

The empirical formula weight is 
3(12.0) + 2(1,00) + 79.9 = 118 
235 


n =■ 


118 


« 2 


The molecular formula is 
(C3H2Br)2 = C6H4Br2. 



S-4 


If a solute, AB, dissociates in solution, the dissociation may be represented by the follow- 
ing equation. 

AB A"*" + B‘ 

If the reaction proceeds to completion, AB is said to be 100% dissociated, i. e. , 100% of the 
AB molecules have dissociated, and the only particles in solution are A"^ and B". If AB is 
less than 100% dissociated in solution, three kinds of particles exist in solution, AB, A"*" and 
B". E a 1.00 molal solution of AB were 50% dissociated, then 

molality of AB = 1,00 - (0.50)(1.00) 

= 0.50 

molality of A+ = molality of B~ =0.50 

Total molality of particles in solution = molality of AB + molality of A'^ + molality of B* 

= 0.50 + 0.50 + 0.50 = 1,50 
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Q-37 If a substance dissociates in solution, 
the number of particles in solution is 
greater than the number of molecules 
placed in solution The dissociated 
particles lower the vapor pressure just 
as undissociated particles do 

What IS the freezing point of a 1 00 molal 
NaCl solution if NaCl is assumed to be 
100% dissociated'? 

(Hint Calculate the molal concentration 
of all particles in the solution ) 


A-37 Each NaCl that dissociates gives 2 ions | Q-38 A substance CD is 4 00% dissociated in 

(Na''' and Cl") Therefore, the concen- | aqueous solution What is the freezing 

tration of particles is 2 00 molal, and • point of a 0 100 molal aqueous solution 

the freezing point depression is i of CD 

AT = m(Kf) j (Assume that the solute is nonvolatile. ) 

= 2 00 (1 86) = 3 72 I 

■ 

Tf = -3 72“C j 


A-38 If a 0 100 molal solution of CD is | 

4.00% dissociated, then j 

molality of CD = 0 100 - (0 0400) (0 100) ; 

= 0 100 - 0.004 = 0 096 j 

molality of C = molality of D = 0 004 j 

Total concentration of particles in | 

solution IS ; 

0 096 + 0 004 + 0 004 = 0 104 j 

at = Kfm I 

= (1 86 deg / - mol;d) (0 1044»©la4) • 

= 0 193 deg j 

Tf = -0 193°C I 

— f 

A-39 If a 0 500 molal solution of KBr is : 

79.0% dissociated, then j 

molality of KBr = 0 500 - (0 790)(0 500) j 

= 0 500 - 0 395 = 0 105 I 

molality of K"*" = molality of Br“ = 0 395 j 

The total concentration of particles is | 

0 105 + 0 395 + 0 395 = 0 895 I 


Q-39 KBr is 79 0% dissociated in solution 
What IS the freezing point of a 0.500 
molal aqueous solution*? 


Q-40 A 0 100 molal aqueous solution of a 
partially dissociated substance, AB, 
freezes at -0 208° C Calculate the 
percent dissociation 

(Hint Let x = total concentration of 
particles in solution and y = molality 
of A = molality of B ) 

(Assume that the solute is nonvolatile ) 


at = Kfm 

= (1 86 deg /molal) (0 895-*»©la4) 
= 1 66 deg 
Tf = -i 66° C 
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A-40 If no dissociation occurred in a 0 100 
molal solution, the freezii^ point de- 
pression would be 

AT = (1 86 deg /niolal) (0 100 molal) 

= 0 186 deg 

Let X = total concentration of particles, 
then 

AT = (x)(1.86) = 0 208 

If AB dissociates as follows 
AB A+ + B" 

(0 100 -y) (y) (y) 

The total concentration of particles is 
(0.100 -y) + y + y = 0 112 
y +0.100 = 0 112 
y = 0 012 

= molality of A'*’ and B" 

= molality of AB mol- 
ecules dissociated 


Q-41 A 0 100 molal solution of acetic acid in 
water freezes at -0 190° C Calculate 
the percent dissociation of acetic acid 
at this temperature 


% dissociation (100) = 12% 


A-41 


K X = total concentration of particles, 
then 

AT = (x)(l 86) = 0.190 

0.190 ^ 

X 0 102 

If acetic acid dissociates accordii^ to 
the equation 

CH3COOH s: CH3COO- + 

(0 100 - y) (y) (y) 

The total concentration of particles is 
(0 100 -y)+y+y = 0 102 
y +0.100 = 0.102 
y = 0 002 

= molality of CH3COO" 
and H+ 

= molality of CH3COOH 
molecules dissoci- 
ated 

% dissociation = (100) = 2% 
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S-5 


A-42 


The diagram below shows two aqueous solutions of different vapor pressures separated by a 
semipermeable membrane that permits the passage of water molecules but prevents the 
passage of solute molecules If the vapor pressure of solution A is lower than that of solu- 
tion B, water molecules will pass from chamber B to chamber A to decrease the difference 
in vapor pressure The passage of the water through the membrane is called osmosis 



Q-42 In the figure m S-5, what happens to the 
volume of the solution in chamber A as 
the water passes through the membrane'? 


The volume increases 


Q-43 What happens to the piston, C *? 




A-43 The piston is pushed upward 


Q-44 How could the upward displacement of 
the piston be prevented"? 



S-6 The mechanical pressure which must be applied to a solution in chamber A to prevent os- 
mosis when pure solvent is in chamber B is called osmotic pressure The osmotic pressure 
of a solution is directly proportional to the concentration of solute and the temperature of 
the solution, i e , 

TT (osmotic p) = (constant) (concentration) (Temperature) 

= aCT 

If C IS in moles/ liter then 

Tf = a(-|) T 

or 

irV = naT 

Note the similarity to the gas law equation PV = nRT. 

i Q-45 Calculate the value of the constant, a, 

I from the following data 

; tt = 2 95 atm 

I V = 1 00 liter 

; 4 5 1 g 

j 342 g/mole 

; T = 273°K 
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A-45 ttV = naT 


_ (2 95 atm) (1 00 liter) 

( ^ g '1(273°) 

^ 342 g/mole^^''^’^ ^ 

(2 95) (342) lite r -atm 
" (45 1)(273) deg-mole 


= 0 0819 


liter -atm 
deg-mole 


This agrees closely with the gas law 
constant 

Therefore, irV = nRT 


Q-46 75 0 g of glucose, CgHizOfi, is present 

in 250 ml of aqueous solution at 300° K 
What is the osmotic pressure of the 
solution*? 


A-46 MW^ XT = 6(12 0) + 12(1 00) + 6(16 0) 



= 0 417 mole 
TT = R(^)T 

_ 0 082-bteg-atm 0 417.ia,ole 300.deg 
~ d e g mol ^ 0 2504it^ 

= 41 atm 


Q-47 An aqueous solution of glucose, CeHi20e, 
has an osmotic pressure of 2 72 atm at 
298°K How many moles of glucose 
were dissolved per liter of solution*? 



Q-48 How many grams of glucose were dis- 
solved per liter of solution in the solu- 
tion given in Q-47 *? 


A-48 0 11 moles/ll ter dissolved 

180 g/mole = MW glucose 

Therefore, the number of grams of 
glucose that dissolved is 

0 11 -mele 180 g 
liter mol e 

= 20 g/liter 


Q-49 Calculate the molecular weight of the 
solute in the following solution 


10 0 g of solute are dissolved in enough 
water to make a liter of solution The 


osmotic pressure of the resulting is 
1 18 atm at 273°K 


(Hint C 


_ n _ g/MW\ 
= V " V ^ 
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A-49 77 = RCT 

= R(n/V)T 

= R (S^)T 


(10.0g)(0 082 -liter -ate/-4©g-mole)(273 -deg) 



NOTES 



Chapter 7 


THERMODYNAMICS 
AND KINETICS 


Part I Why Reactions Occur 

After completing this section you should be able to 

a) compute the transfer of energy that accompanies any chemical reaction 

b) show the relationship between thermodynamic quantities and how they relate to 
chemical changes 

c) predict if a chemical reaction will occur 

Part II Rates of Reactions 

After completing this section you should be able to 

a) determine rate expressions from experimental data 

b) compute rates and rate constants for chemical reactions 

c) propose a path try which reactants could be converted into products 


Part IIP Introduction to Equilibrium 

After completing this section you should be able to 

a) determine the extent to which reactants are converted to products 

b) express the relationship between thermodynamic quantities and the extent to which 
a reaction occurs 

c) evaluate thermodynamic quantities from experimentally determined equilibrium 
constants. 


- 26 S^ 
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PART I: Why Reactions Occur 


S-l Heat IS that form of eneigy which passes from one body to another as the lesult of a tem- 
perature difference between the two bodies The amount of energy transfei red us expressed 
in the unit of calories One calorie is the amount of heat needed to raise the temperature 
of one gram of H 20 one degree centigrade 


: 0-1 Why does a block of ice feel cold to your 
: touch 


A-1 When your finger touches the block of 
ice which IS at a lower temperature, 
heat IS transferred from your finger fo 
the block of ice The loss in heat from 
your finger makes the block of ice feel 
cold 


Q-2 According to the kinetic molecular 

theory, in order to boil a substance the 
molecules must obtain enough energy to 
overcome the forces of attraction be- 
tween neighboring molecules. Describe 
how this energy is obtained when a sub- 
stance such as water is boiled over a 
campfire. 


A-2 A flame is placed under a container of 
water and energy is transferred from 
the hot flame to the cool water. This 
heat increases the kinetic energy of 
the water molecules 


Q-3 One calorie (cal) is the amount of heat 
needed to raise the temperature of 1 
gram of HaO 1“C. A quantity of 10 grams 
of water at 10®C has 60 calories of heal 
transferred to it. What is the final 
temperature of the water? 


A-3 increase 

60 eal- 

1 g^H^e- °C i 


in temp 


1-ealr 1 



= 10°C + 6‘’C = 16“C 


Q-4 How much heat (in calories) is necessary 
to raise the temperature of 25 grams of 
HsO 25"C? 






A-4 


25#-H^ 

1 cal 

25°-e 


1 g 11^0; 



= 620 cal 




A- 5 1,00 cal/deg-g 


A-6 Change in temp. = 80 0 - 20.0 = 60.0° C | Q-7 


Q-5 Specific heat is the heat necessary to 
raise one gram of a substance one de- 
gree centigrade (cal/g -degrees) What 
is the value for the specific heat of 
water? 

Q-6 If the specific heat <rf a substance is 

0.876 cai/deg-g, how much heat is neces- 
sary to raise 500 gm of the material from 
a temperature of 20.0 °C to a temperature 
of 80.0°C? Express in kilocalories. 

1 kilocalorie (kcal) « 1000 calories 


500-ff| 0 876-684-1 60 0* 

1 kcal 

l-g -4eg 1 

1000 -eaJ- 

26 3 kcal 



What will be the final temperature of 
1000 g of material at 25,0° C after 
7.00 kcal of heat is transferred away 
from it? The specific heat of the mate- 
rial Is I.IO cal/deg-g 
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loss in temp - 

1000 -eai- 

deg-g 


XL/OQ Xli U^XXijy — 

146eei 

1 lO-eoi 

1000^ 


25 0°C - 6 4°C = 18 6°C 

R a) 1 cal = heat needed to raise the tem- 

perature of 1 g of HjO rc 

b) specific heat = amount of heat neces- 
sary to raise one gram of material 
one degree centigrade, cal/deg-g. 

S-2 In a chemical reaction, heat is absorbed or released For example- one mole of A can re- 
act with one mole of B to form one mole of C and give off 60 kcal of heat This can be writ- 
ten in equation form as A + B -* C + 60 kcal This heat absorbed or released in a chemical 
reaction is called the enthalpy change for the reaction, AH The a refers to the difference 
in the sum of the enthalpies of the^reactants and the products The enthalpy change is ex- 
pressed mathematically as AH = f n^Hj^ (products) - ? n^Hi (reactants) where H^ and n^ are 
the enthalpy and moles, respectively, of the i*^ substance 


Q-8 What IS the enthalpy change (ah) for the 
chemical reaction A B if H for com- 
pound A is 50 kcal/mole and H for com- 
pound B is 100 kcal/mole 

A-8 Conversion of one mole of A into one 
mole of B 

AH = DnH (products) - SnH (reactants) 

AH = (1 mole) (100 kcal/mole) - 
(1 mole)(50 kcal/mole) 

■= 50 kcal 

Q-9 The enthalpy of a substance can be con- 
sidered as a measure of the amount of 
energy the substance contains This is 
often referred to as heat content Two 
substances A and B have heat contents 
of 100 and 150, respectively. Which 
substance has the greater energy? Why? 

A-9 B Since H is a measure of the heat 
content, the substance with the larger 
heat content will have the greater en- 
ergy. 

Q-10 If in a chemical reaction, A -* B, heat is 
given off, is the enthalpy of the product 
greater or less than that of the react- 
ants? Why? 

A-10 The enthalfy of the product must be 
lower because energy is released in 
going from the reactant to the product. 

Q-11 A chemical reaction which gives off heat 
is called an exothermic reaction. What 
is the sign of AH for this type of re- 
action? Why? 

A-11 Negative Since heat is given off in 

the reaction, the sum of the enthalpies 5 
of the products must be less than the • 

sum of the enthalpies of the reactants. : 

= -^""(reactants) | 

M 

in order for AH to be negative > 

*■ • 

^^^(reactants) ^ ^*^(product8) : 

i 

Q-12 A chemical reaction which absorbs heat 
is called an endothermic reaction. Is 
the energy of the products greatpr or 
leas than that of the reactants? Why? 
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A-12 Greater If heat is absorbed in the re- 
action, AH for the reaction is positive 
Since 

AH = 2nH(pj.Q(jm;.^;s) - 
in order for AH to be positive 
^^(products) ^ ^’^^(reactants) 


Q-13 If the enthalpies of products and react- 
ants are given in kilocalories/ mole for 
the reaction A + B — C, the enthalpy 
change, AH, for the conversion of one 
mole of A and one mole of B into one 
mole of C is -30 kcal What is AH for 
the reaction if 2 moles of C are formed? 


A-13 If 2 moles of C are formed, the reac- 
tion would be 2A 2B -*■ 2C 

AH = -30 kcal/mole of C formed 

For two moles, 

AH = (2 moles)(-30 kcal/mole) 

= -60 kcal 


: Q-14 What is the enthalpy change for the 

• reaction 


CaO^gj -I- - Ca{OH) 


Hb) 


if H 


CaO 


(s) 


H. 


HaO 


U) 


H 


Ca(OH )2 


(s) 


= -151.8 kcal/mole 
= -68.4 kcal/mole 
-235.4 kcal/mole ? 


A-14 For the conversion of one mole of CaO 
and one mole of H 2 O into one mole of 
Ca(OH) 2 , 

AH = SnH(p) - SnH(^) 


AH = [(1 mole)(-235 4 kcal/mole)] - [(1 mole)(-68 4 kcal/mole) + (l mole)(-151.8 kcal/mole)] 


AH = -15 2 kcal. 


Q-15 Is the reaction given in Q-14, exothermic 
or endothermic? 


A-15 AH = negative value. Therefore, the 
reaction is exothermic (gives off 
energy) 


Q-16 What is the enthalpy change for the re- 
action 


CO(g) + |02(gj ■* CO 2 


(g) 


if Hqq » -26.4 kcal/mole 


H 


O* 


0.0 


^C 02 * -®4.0 kcal/mole? 

Is the reaction endothermic or exo- 
thermic? 


A- 16 For the conversion of one mole of CO 
and one half mole of O 2 into one mole 
of CO 2 , 




AH = SnH/ 


- SnH/ 


^(p) ■ "“^(r) 

AH = [(1 mole)(-94.0 kcal/mole)] '- [(0.0) + (1 mole)(-26.4 kcal/mole)] 

AH = -67.6 kcal. S 

I Q-17 What is the enth^py change for tiie re- 
The reaction is exothermic. s action 


2CO^) + 2COa 


is) 


• ■naai.a luija vjiaiAii a ■■«■«««••«•««■)««« 


(See Q-16 for enthalides. ) 
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A- 17 For the conversion of two moles of CO 
and one mole of Oo into two moles of 
CO 2 , 

AH = SnH(p) - SnH(^) 

AH = [(2 moles)(-94 0 kcal/mole)] - fO 0 + (2 moles)(-26 4 kcal/mole)] 
AH = -135 2 kcal 


Q-18 What IS the enthalpy change for the re- 
action 

CsHr 


If H 
H 
H 


CH4 


(g) 


C 2 H 4 


(g) 


C3H 


'(g) " "'"Hg) 

= -17 9 kcal/mole 

= 12 5 kcal/mole 

= -24 8 kcal/mole 


®(g) 

Is the reaction exothermic or endo- 
thermic 


A-18 For the conversion of one mole of CH 4 
and one mole of C 2 H 4 into one mole of 

C3H8, 

AH = SnH(p) - SnH(^j 

AH = [(1 mole)(-24.8 kcal/mole}] - [(1 mole)(12 5 kcal/mole) + (1 mole)(-17 9 kcal/mole)] 
AH = -19 4 kcal. 


The reaction is exothermic. 


Q-19 What is the enthalpy change for the re- 
action -*■ C 2 H 4 ^gj + CH 4 (g)? 

Is the reaction exothermic or endo- 
thermic? 


A-19 For the conversion of one mole of CsHs « 
into one mole of C 2 H 4 and one mole of : 

CH4, : 

AH = SnHjp) - I 

AH = [{1 mole)(12.5 kcal/mole) •¥ (1 mole)(-17.9 kcal/mole)] - [(1 mole)(-24.8 kcal/mole)] 


c^H = ■h 19.4 kcal. 

Notice that = -^“(reverse) 

for apy chemical reaction. 

The reaction is endothermic. 


Q-20 What is the enthalpy change for the re« 
action C 2 Hg 02 ^j - 

if H^ „ ^ = -126.3 kcal/mole 


H 


H 2 O 


U) 


H 


C2H2 


(g) 


= -68,3 kcal/mole 
= 54.2 kcal/mole ? 


Is the reaction exothermic or endo- 
thermic? 
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A-12 Greater If heat is absorbed in the re- j 
action, AH for the reaction is positive . • 
Since ^ 

AH = - 2;nH(j,gg^(.^-^tg) j 

in order for AH to be positive : 

^^^(products) ^ ^^^^(reactants) j 


A-13 If 2 moles of C are formed, the reac- 
tion would be 2A + 2B -* 2C 


Q-13 If the enthalpies of products and react- 
ants are given in kilocalories/ mole for 
the reaction A + B C, the entlialpy 
change, AH, for the conversion of one 
mole of A and one mole of B into one 
mole of C IS -30 kcal What is AH for 
the reaction if 2 moles of C are formed'^ 


Q-14 What IS the enthalpy change for the 
reaction 


AH = -30 kcal/mole of C formed 
For two moles, 

AH = (2 moles)(-30 kcal/mole) 

= -60 kcal 


A-14 For the conversion of one mole of CaO : 
and one mole of H 2 O into one mole of : 
Ca(OH) 2 , : 

AH = ZnH(p) - ZnH(^) \ 


If 


CaO/ \ + H^O 
(s) 

^Ca(OH)2(g)" 


(e) Ca(OH)2^g) 
-151 8 kcal/mole 

-68 4 kcal/mole 

-235 4 kcal/mole 




AH = [(1 mole)(-235 4 kcal/mole)] - [(1 mole)(-68 4 kcal/mole) + (1 mole)(-l51 8 kcal/mole)] 

AH - -15 2 kcal j Q-15 Is the reaction given in Q-14, exothermic 

; or endothermic'^ 


A-15 AH = negative value Therefore, the 
reaction is exothermic (gives off 
energy) 


Q-16 WTiat is the enthalpy change for the re- 
action 




CO2/ 


if H 


CO 


H^ 


(g) 

= -26.4 kcal/mole 

= 0.0 


Hr-rt = "94. 0 kcal/mole 

Is the reaction endothermic or exo- 
thermic? 


* c*** 

5 


A- 16 For the conversion of one mole of CO 
and one half mole of O 2 into one mole 
of CO 2 , 


AH = SnH/ 


- SnH/ 


^(p) ■ ^‘“"(r) 

AH = [(1 mole)(-94 0 kcal/mole)] [(0.0) (1 mole)(-26.4 kcal/mole)] 

AH = -67 6 kcal 
The reaction is exothermic. 

2 

^(g) " '"Hg) 


Q-17 What IS the enthalpy change for the re- 
action 

2CO/_v 02/„\ 2C02/„\ ? 


^(g) 


9 

i 


(See Q-16 for enthalpies. ) 
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A-17 For the conversion of two moles of CO 
and one mole of O2 into two moles of 
CO2, 

AH = SnH^p) - SnH(^) 

AH = [(2 moles)(-94 0 kcal/mole)] - fO 0 + (2 moles)(-26 4 kcal/mole)] 
AH = -135 2 kcal 


• Q-18 What is the enthalpy change for the re- 
: action 

+ C2H4/ A -*■ CsHgy 




’(g) 


if H 
H 
H 


CH4 


(g) 


C2H4 


C3H8 


(g) 

(g) 


= -17 9 kcal/mole 


= 12 5 kcal/mole 


= -24 8 kcal/mole 


Is the reaction exothermic or endo- 
thermic 


A- 18 For the conversion of one mole of CH4 
and one mole of C2H4 into one mole of 
C3H8, 

AH = 

AH = [(1 mole)(-24 8 kcal/mole)] - [(1 mole)(12 5 kcal/mole) + (1 mole)(-17 9 kcal/mole)] 
AH = -19 4 kcal 


The reaction is exothermic 


Q-19 What IS the enthalpy change for the re- 
action C3H8 ^g^ C 2H4^gj + CH4(g)'^ 

Is the reaction exotheimic or endo- 
thermic'? 


A- 19 For the conversion of one mole of C3H8 
into one mole of C2H4 and one mole of 
CH4, 


AH = 'JnH 


:nH/ 


AH 


(p) " “^""^(r) 

j(l mole)(12 5 kcal/mole) + (1 mole)(-17 9 kcal/mole)] 


- |(1 mole)(-24. 8 kcal/mole)] 


iH = +19 4 kcal 

Q-20 

What is the enthalpy change for the re- 

Notice that = “^^(reverse) 


action C2HA(g) - 

for any chemical reaction 


if H« „ ^ = -126 3 kcal/mole 

H„ ^ = -68.3 kcal/mole 

H^ „ =54.2 kcal/mole ■? 

Is the reaction exothermic or endo- 

The reaction is endothermic 




thermic? 
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A-20 For the conversion of one mole of 

C 2 H 6 O 2 into two moles of H 2 O and one 
mole of C 2 H 2 , 


AH = SnH^p^ - SnH(^^ : 

AH = [{2 moles)(-68 3 kcal/mole) + (1 mole)(54 2 kcal/mole)] - f(l mole){“126 3 kcal/mole)] 


AH = 43 9 kcal 

The reaction is endothermic 

Q-21 Wliat is the enthalpy change foi the re- 
action 

2H20(g) + CnHo^^j C2H0O2^gj 

Is the leaction endotliermic 01 exo- 
thermic*? 

A-21 ‘^^^(forward) " "^^(reveise) 

Therefore, AH = -43 9 kcal, and the 
reaction is exothermic 

Q-22 What is the enthalpy ot CaHcP^g) if the 
enthalpy change foi the 1 eaction 

C2H4(g) + HaO^g^ - 

IS -21 0 kcal and 

^C 2 H 4 ^g^ = 12 Skcal'inole 

H„ - -57 8 kcal/mole *? 

A-22 AH = SnH^p^ - SnH^^^ 

-210 kcal = [(1 mole)(Hp „ ^)] - f(l mo 

L/2il6U 

-21 0 kcal + 12 5 kcal - 57 8 

le)(12 5 kcal/mole) + (1 mole)(-57.8 kcal mole)j 

kcal 

^^C 2 HeO^^^ ■ 1 mole 

= -66 3 kcal/mole 

Q-23 What is the entlialpy of CaCO.(^gj if the 
enthalpy change for the i eaction 

1 CaC 03 (g) - CaO^gj i 

u 

! IS 42.6 kcal and 

« 

j H«^ -94 0 kcal/mole 

j 

■ " "151 8 kcal/mole ? 

: CaO^^^ 

< 

M 

m 

A-23 AH = SnH^p^ - SnH^^^ 

42 6 kcal - [(1 mole)(-94 0 kcal/mole) + (: 

-42 6 kcal - 94 0 kcal - 151.1 

« 

n 

nr 

* 

« 

1 mole)(-151 8 kcal/mole)] - j(l )| 

8 kcal 

" 1 mole 

= -288 4 kcal/mole 


R a) AH « - XSitH^yj 

b) AH X nhMFttH'yn y mtft 

c} AM • 

0 iil , , if , 
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S-3 How IS the enthalpy of a compound determined"? The enthalpy of a compound is set equal to 
the enthalpy change of the reaction for the formation of the compound from its pure ele- 
ments This is called the heat of formation 

A + B AB 

AHf = heat of formation = 



Q-24 

From the definition of entlialpy of a 
compound, what can be said about the 
enthalpy of a pure element"? 

A-24 A + B - AB 

Q-25 

The enthalpy change for the reaction 

AH = LnH(p) - EnH(^) 


C/ \ 4" ^2/ \ COa/ s 

(s) ng) ng) 

AH = H^b - Ha - Hg 

AH = heat of formation = aHj 

^AB 

Therefore, H^ = -Hg 


IS equal to -94 0 kcal What is the en- 
thalpy of CO 2 "? 

The only way this expression can always 
be valid is for both H^ and Hg to be 
equal to zero Thus, the enthalpy of an 
element in its standard state is ^ con- 
vention equal to zeio. The pure ele- 
ments are taken as reference states 



A~25 AH = -nH^p^ - 



AH = 1(1 mole)(Hf,Q^)l - f(l mole)(Hf,) + 

(1 mole)(HQ^)l 

He ^ Hoa = ® 

Q-26 

The enthalpy change for tlie reaction 

HcOj = rilib " Okcal/mole 


^(s) - CH4(g) 


IS equal to -17 9 kcal What is the en- 
thalpy of CH 4 ‘(* 


A-26 AH = 


AH = 1(1 mole) - f(2 molc)(Hjj^) + (lmole){H^)l 

= 0 I 

^ itSli ' "'»£ = -I’ ^ 

■ Q-27 What is tlie enthalpy change for the re- 
; action 

i if AHf = = -22 1 kcal/mole"? 
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A-27 ah = 2iiH^p^ - 

AH = [(1 mole)(Hjj^^)] - [O +0] 

Hrci = = -22 1 kcal/mole 

AH = (1 mole)(-22 1 kcal/mole) 

= -22 1 kcal 


Q-28 What IS the enthalpy change foi the le- 
action 


CH4/_x + Cl 


= CH^Clr^s + HCl 


(g) " 

17 9 kcal mole 


(g) " 

if = 

AHf(^H^Ci) "" ° 

AHf(Hci) = "22 0 kcal mole 


A-28 AH = SnAH, - SnAH. 

^(p) hr) 

AH = [(1 mole)(AH, ) + {1 mole)(AHf ) j - [(1 mole)(H,p, J ^ (1 moie)(-\H. )] 
^(CHjCl) (HCl) '(CHs) 

AH = [(1 mole) (-20 0 kcal/mole) + (1 mole) (-22 0 kcal/mole) 1 - 

f(l mole)(0) f (1 mole)(-17 9 kcal mole)] 

AH = -24 1 



: Q-29 What is the enthalpy change foi the le- 
• action 



f . 2CO., , t 3H.O/ , 

(g) ‘ (g^ (g) 


; ^^^(O,nc0) 

-66 3 kcal mole 


t> 

o 

o 

-94 0 kcal mole 


i ^^^(H.O) 

- -6B.3 kcal mole v 

« 

A-29 AH = SnAH, - SnAH. i 

^(p) V) : 


AH = [(2 moles) (AH, ) + (3 moles)(AH, )] - 1(3 mol('s)(H,« J i (1 mt»lr){NlL )j 

hcO^) hm MC,H,,0) 

AH = [(2 moles)(-94 0 kcal/mole) + (3 moles)(-68.3 kcal 'mule)j - 

I 0 f (1 mol(‘)("6S.3 kcal mole) ] 

AH = -326 6 kcal 

Q-30 The MIj foi a compound tU‘p»‘ndh on tlu* 
tempc'rature at which the reaction takes 
place In tables of thernuKivnamic data 
(see Table 1). the heats of formation are 
given foi the com{xiund at 25 C and 1 
atm pressure. This is called the staixl- 
ard hea t of formation, . 

What IS the entlialpv ehange at 25 C foi 
the reaction 

2N-.0 ♦ 30.; - 2N204 
AHj‘ 2.3 kcal mole ? 
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A-30 AH = SnAHf^p^ - SnAHf^^^ 
at 25°C AHj = AH“ 


AH = [(2 moles)(AHf )] - [(3 moles)(H/^ 0 + (2 moles) (AH^ )] 

V-NT /~v ^ 


(N2O4) 


(N 2 O) 


AH = [(2 moles)(2 3 kcal/mole)] - [O + (2 moles) (19 5 kcal/mole)] 
AH = -34 4 kcal = AH° 


(AH° is the enthalpy change for the 
reaction at standard conditions, 1 atm 
pressure and 25° C ) 


Q-31 What is the enthalpy change at 25° C for 
the reaction 

C2H4 + H2 "*• C2He 
if AHj =12 5 kcal/ mole 

(C 2 H 4 ) 


AH! 


(CzHg) 


= -20 2 kcal/mole ’ 


A-31 AH° 
AH° 


= SnAH° 


:nAH! 


(p) (r) 

[(1 mole)(-20 2 kcal/mole)] - [(1 mole)(0) + (1 mole)(12 5 kcal/mole)] 


AH° = -32 7 kcal 

Q-32 Consider the reaction for the transition 
of carbon in the diamond form to carbon 
in the graphite form 

c c 

(diamond) (graphite) 

AH° = -453 5 cal 

From an energy point of view alone, 
which form of carbon is more stable at 
25"C‘? 

A-32 Graphite 

AH‘’ = HI - Hi 

^(graphite) ^(diamond) 

Since AH° is negative for the reaction, 

Ho , jxIS greater than Ho ^ \- 

ndiamond) ^graphite) 

Therefore, the graphite form is at 
lower energy making it more stable 

Q-33 The decomposition of hydiogen peroxide 
into its constituent elements according 
to the reaction 

■■ "“(g) * °“(g) 

is endothermic by 44,9 kcal/mole 

What conclusion can bo made about the 
stability of hydrogen peroxide with re- 
spect to the elements? 

A-33 Since heat is necessary to convert 

hydrogen peroxide into the elements, 
hydrogen pei oxide is energetically more 
stable with respect to the elements 

Q-34 The decomposition of hydrogen peroxide 
by the reaction 

IS exothermic by 23 4 kcal/mole What 
conclusion can be made about the sta- 
bility of hydrogen peroxide with respect 
to decomposition into water and oxygen? 

A-34 Since heat is given off when hydrogen 
peroxide decomposes into water and 
oxygen, hydrogen peroxide is energet- 
ically less stable with respect to the 
decomposition products. 

Q-35 Prom a consideration of the last two 
problems, what information is needed 
to say whether a substance is stable or 
unstable? 
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A-35 It IS useful to talk about stability only 
in terms of the possible decomposition 
products 




MMM MHaiia ■■ ■•■■■«■ k ■ ■ h tm ■ ■ ■ • ■■ m • ■ i> • ■ 

Q-36 The enthalpies of formation for SO2 and 
NO2 are -71 0 kcal/mole and +8 1 kcal ' 
mole, respectively Which compound is 
more stable with lespect to tlie elements 
Why*? 

• ■■MM uRMiipi h an ■ > MMitMMaii mm « • • 


A-36 


A-37 


SO2 The reaction for the decomposi- 
tion of SO2 is endothermic by 71 0 
kcal/ mole while the decomposition of 
NO2 IS exothermic by 8 1 kcal/mole 
For an endothermic reaction, AH = + 
The products are at a higher energy 
than the reactants, therefoie, the re- 
actants are more stable 


Q-37 


CaO The reaction for the decomposi- 
tion of CaO into its elements is endo- 
thermic by 151 8 kcal/mole while the 
decomposition of BaO into its elements 
is endothermic by only 133,5 kcal/mole 
Thus, more energy is released in the 
formation of CaO, resulting in a lower 
energy (more stable) product 


Q-38 


The enthalpies of formation lor CaO and 
BaO are -151 8 kcaT'mole and -133 5 
kcalAiiole, lespeclively Which com- 
pound is moi e stable with 1 espect to the 
elements Why 


Given the following standaid enthalpies 
of formation 

ah; = 134 0 kcal/mole 

-!)4 0 kcal/molc 




-11 04 kcal/mole 


AHf^jjj^ = i6 2 kcal/mole , 
(t?) 


A-38 


arrange the compounds in the order of 
me I easing stability with respect to de- 
composition into then elements 


least stable -* most stable 
O2, HI, NH3, CO2 


Q-39 Winch of the two isomeis of butane 
(C,iHio) IS more stable at 25''C'^ 

isomei AHf 

n-butane — 

(CHaCHaCHXUs) -29 B kcal mole 


A-39 


isobutane 

(CHj-CH- CIIj) -31 4 kcal mole 

CH3 


Isobutane It has the higher negative ; Q.40 Consider the reaction 
value for enthalpy of formation : 

; n-butane ► isobutane . 


What IS the enthalpy change lui tins r<‘- 
action''* Is the reaction exothermic or 
endothermic ? How does youi answer 
confirm the relative stabilities of these 
two compounds 
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A-40 


AH“ = AnAH[(p) - | 

AH° = [(1 mole)(-31 4 kcal/mole)] - [(1 mole)(-29 8 kcal/mole)] 

Q-41 Which isomer of pentane (C.;Hi 2 ) is the 
most stable at 25“ C in terms ot eneigy 
only ? 

isomei AH{ 

n -pentane 

(CHjCHoCHaCHjCHs) -35 0 kcal/mole 

ncopentane 

( (CH 3 ) 4 C ) -39 7 kcal/mole 

isopentane 

(CH 3 CH.CH(CH 3 ) 2 ) -36 9 kcal/mole 


AH“ = -31 4 - (-29 8) = -1 6 kcal 

The leaction is exotheiniic, thus, iso- 
butane is at lowei eneigy and is more 
stable 


A-41 Neopcntano This isonici has the 
lowest enthalpy value 


a) 


standard enthalpy of for- 
mation at 25‘'C and one 
atmosphere pressure 


'>> “(element) = ® convention) 


c) AH- . 

^"^Hjfj-egQtants) 

d) Superscript zero indicates standard i 
state (one atmosphere and 25‘’C). I 


S-4 If a 1 eactum can be cai ned out by a series of steps, the overall enthalpy change is the sum 
of t!u* enthaliiy changes ot the individual steps In mathematical terms this becomes 

A 1 D • C NHi 

C ( D - E 

A f B f D * E \Hi 'Ml3 ' AHi t AH,, 

This relationship is known as Hess ' Law 


Q-42 Considei two reactions, Jxith ol which 
pioduce C trom A and B liut which 
differ by the intei mediate toimed 

1) A I B * Q Q ► C 

2) A . B - R K - C 

Will the enthalpy change lor leaction 1) 
be the same as Uie enthalpy change for 
leaction 2 )‘> 


A-42 Yes. The enthalpy change by either 

path must bo identical since the oveiall 
reaction is the same. 


Q-43 Calculate llie enthalpy change toi the 
reaction 

from the enthalpy changes foi Uie [('ac- 
tions 


^(s) 

CO, , - 'Oy, \ ^ C, . 
(g) ‘(g) (■‘>> 


A Ha 
AH.1 


-94.0 kcal 
,26 4 kcal 
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^(s) 


™“(g) 


AH 2 

1 Q-44 

“(g) 


^° 2 (g) 

^ ^is) 

AH 3 


= 0 (g) 

+ 502(g) - 


AH 2 + 

AH 3 


AHi = 

AH 2 + AH, 





= 

-94 0+26 

4 





-67 6 kcal 





^(s) 

°=(g) ' 

“'(g) 

AH 2 


1 Q-45 

^(s) ^ 

402(g) - 

“(g) 

AH 3 




The overall equation can be obtained by 
subtracting equation two from the first 
equation 

AHi = AHa - AH3 


Calculate the enthalpy change for the 
reaction 

^%) * '°=(g) * 

from the AH changes for the reactions 
C(j) + AH, = -94 0 kcal 

%) * ^°Hg) “ 

(Hint Equations can be subtracted as 
well as added ) 


Compute the AH of the reaction 

‘^(S) ^ + CO(gj 

from the enthalpy changes of the reac- 
tions 



00(^,) AH, 





AH2 


-26 4 kcal 
-57 8 kcal 


= -94 0 - (-26 4) 


= -67 6 kcal 


A-45 By subtracting the second equation from 
the first, the desired reaction is ob- 
tained. 


AH = AHi - AH 2 
= -26 4 - (-57 8) 


Q-46 


= +314 kcal 


A-46 


AH 


-26 4 kcal 

2 ffl&k 

mok of CO formed 



Q-47 


AH = -52 8 kcal 


A-47 In order to obtain the desired reaction 
the second equation must be multiplied 
by two and subtracted from the first. 


Q-48 


AH = AHi - 2(AH2) 

= -153 2 - 2(-22 1) 
= -109 0 kcal 


For tlie 1 eaction 

C(g) + • CO(^,^ AH - -26 4 kcal 

What IS the enthalpy change for the re- 
action 

2C(^, ■ - 2CO,^) 


Find AH for the r 

eaction 





> MgCl;. 

(s) ' 

(g) 

from 





“«(s) 


MrC1,(^) 

AHi 

■ -153 2 
kc a 1 

1 -jjjr 


««(g) 

AH.. 

- -22 1 
kcal. 


Find the enthalpy of methane (CH4) from 

1) CH.,^, . 20,^^,) - . 2H,0,^,, 

AH = -191.8 kcal 

2) - C02(^,j AH - -94.0 kcal 

3) J^cal 

(Hint C^g^ + ^ 

AHf = 
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A-48 The desired reaction can be obtained 
by doubling reaction 3) and subtracting 
the first reaction from the sum of the 
last two 




(g) " -'(g) ' ah = 2(-57 8) 

(s) 

fe) * ‘•'"''(g) 


AH = -94 0 


•(CHi/.x 4- 20 


+ 2H,0(gj) - (AH = -191 8) 


Adding these yields 


C/ \ + 2 H 2 / \ 
(s) ‘■(g) 


CH 4 


H 


CH. 


AH, 


AH 


(ff) 


f mole 
= 2(-57 8) - 94 0 - (-191 8) 
= -17 8 kcal/mole 


Q-49 Calculate the enthalpy (heat of forma- 
tion) for etliyl alcohol (C 2 HeO) from the 
enthalpy of combustion of ethyl alcohol 

1) CaHgO^^ + 2002^^^+ 

AH = -326 7 kcal 


2) H 2 

°(s)*°''(g) 


H,0 

COa 




(g) 


AH = -68 3 kcal 
AH = -94 0 kcal 


A-49 The desired leaction can be obtained 
by adding thiee times the second re- 
action to two times the tliiid reaction 
and subti acting the first reaction 

i SH,/ ^ -* 3HoO 


=(k) ' ^""(g) 

2C(^j 2°!(g) ' 


2 CO 3 


(£) 

(g) 


AH = 3(-68 3) 
AH = 2(-94 oj 


-(CaHeO^^j + > 2002^^) " 

This gives. 

2C(^) . - C,H.O(,, 

ti . ,\tj - 

CaHgO ' f 1 mole 

- 3(-68.3) 4 2(-94 0) -(-326 7) 

“ -66 2 kcal/mole 


A-50 The desired reaction can be obtained 
adding the following equations 


(AH = -326 7) 
Q-50 


Combustion of diborane, BaHg, proceeds 
according to the equation 

B2HG(g) + 302(gp B 203 (^) + 3H20(g) , 

and 464 kcal are liberated per mole of 
BaHg. Combustion of boron metal also 
proceeds to the product BaOs and libei - 
atcs 283 kcal/mole of boron used What 
IS the enthalpy change for the reaction 

*> 


2B(3) . 


<H2(g) H,0 


(g) 


AH = -58 kcal) 




B203(g)+3H20^^^^ -302(g) + BzHs^g) 

AH = +464 

2B(3)^’0^(g)-B.03(g) 

AH = 2(-283) 

*’02(g) + 3H20(g) 

AH = 3(-58) 

^%) ^ ^^Hg) "* B^^«(g) “ 

, _ Q-51 

m 

« 

AH = +464 + 2(-283) + 3(-58) 

It 

M 

N 

» 

= -276 kcal 

ff 

• 

« 

It 


The enthalpy change for the reaction 
2H(^) IS +104 2 kcal. This re- 
action IS endothermic What is the ab- 
sorbed energy used for in this reaction? 
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A-51 The energy absorbed in the reaction is 
used to break the H— H bond This is 
called the dissociation energy of the 
hydrogen molecule 

Q-52 The enthalpy change for the leaction 

02(^) - 20^g^ IS 118 2 kcal per mole of 

O 2 reacted What is the dissociation 
energy of the O 2 molecule‘s 

A- 52 118 2 kcal/mole 

Q-53 What is the dissociation energy for the 
chlorine molecule if is 29 0 kcal/ 

mole^ 

A-53 AH=’ 

= Hci = 29 0 

%= ° 

(element in stable state) 

AH = 2(29 0) - 0 = 58 0 kcal per mole 

of CI 2 reacted 
Dissociation energy = 58 0 kcal/mole CI 2 

Q-54 What is the dissociation eneigy of HCl 
if 

AH = -22 0 kcab mole 'S 

^(HCl) 

H„ = 52.1 kcal'mole 

n 

= 29 0 kcal'mole 

A-54 AH = + H^, - AH 

^ ^(HCl) 

= 52 1 + 29 0 - (-22 0) 

= 103 1 kcal/mole of HCl reacted 

This IS the energy necessary to break 
the H-Cl bond 

Q-55 What is the dissociation energy of ICl 
if 

-AH^ - 4.2 kcal/mole 's 

•■(ICl) 

- 29.0 kcal mole 

Hj - 25.5 kcal/mole 

A -55 AH = Hj . - AHgjjci) 

= 25 6 + 29 0 - (4 2) 

= 50 3 kcal/mole of ICl reacted 

This IS the energy necessary to break 
the I -Cl bond 

Q-56 What is the relationship lietwc'en Ixmd 
energy and dissociation energy for a 
diatomic molecule*^ 

A-56 They are the same 

R alAf-R-C AS, 

, A*^ • AHi 

'JeZ-v;,!.' ■ 

-.awtiltottoh mttti hr » Ortpmlt 

tantr. 

: — 
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S-5 The dissociation energy and bond energy are not identical for polyatomic molecules (mole- 
cules with three or more atoms) For example, consider tiie H 2 O molecule One dissocia- 
tion step would be 

H 20 (g) - AH = 119 9 kcal 

The second dissociation step would be 

°\)-%*\) AH = 101 2 kcal 

The 0— H bond eneigy would be defined as the average of these two values 

Cqjj = ~ ^ = 110 6 kcal/mole of OH bond 

The dissociation energy is the energy required to break a given bond of some specific com- 
pound Bond energy is an average value of the dissociation energies of a given bond in a 
series of different dissociating species. 


Q-57 Calculate the C—H bond energy from 
the following dissociation energies- 

CH 4 - CH 3 + H AH = 103 kcal/mole of CH 4 

CH 3 - CH 2 + H AH = 89 kcal/mole of CH 3 

CHa - CH + H AH = 123 kcal/mole of CHj 

CH - C + H ah= 81 kcal/mole of CH 

(All species are in the gaseous state) 


A- 57 CH, 


4H/ 


'*(g)‘' ''(g)"‘‘"{g) 
bond energy 


AH = ? 


AH 

4 


The above equation may be obtained by 
adding the four equations together. 
Therefore, 

AH ^ 103 + 89 4 123 + 81 
398 kcal/mole 


C H 


396/4 = 99.0 kcal/mole 




Q-58 The sum of the dissociation energies 
for C 2 Hg dissociating into its elements 
is 674.6 kcal/mole. With the value of 
^C—H methane, calculate the 

C“-C bond energy in ethane 

H H 

I 1 

H-C-C-H 
I 1 
H H 




A-58 






AH = 674.6 kcal 


Q-59 


Six C - - H bonds were broken: 99,0 kcal/ 
mole for each bond. Total for six - 
594 kcal/mole. Subtracting gives 
674.6 - 594.0 = 80.6 kcal/mole. This 
equals or the energy to break 

the C-C bond. 




The sum of the dissociation energies for 
C 3 H 8 dissociating into its elements is 
952.0 kcal/mole. With the value of 
found in Q-57, calculate the 

V n, tjf u ti 

lit 

C-C bond energy in H- C"C-“C-H 

III 
H H H 

and compare with the value found for 
CzHg. 
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A-59 






AH = 952 Okcal 


Eight C— H bonds were broken at 99 0 
kcal/mole each total for 8 = 792 kcal/ 
mole Therefore, 952 - 792 = 160 
kcal/mole = energy necessary to break 
two C— C bonds = 160/2 

= 80 0 kcal/mole which is the energy 
necessary to break one C— C bond 
This value is approximately the same 
as that calculated from C 2 H 6 


Q-60 


The sum of the dissociation energies 
for C 2 H 4 dissociating into its elements 
IS 544 kcal/mole With the value of 
£_ „ found in Q-57, calculate the 


C=C bond energy in H 


H 




,C = C 


\ 


H 


H 


A-60 C 2 H 4 




AH = 544 kcal 


Q-61 


Four C— H bonds were broken at 99 0 
kcal/mole of each bond total for 
4 = 396 kcal/mole Therefore, 

544 - 396 = 148 kcal/mole = 

which IS the energy necessary to break 
one C = C bond 


The sum of the dissociation energies 
for C 2 H 2 dissociating into its elements 
IS 392 kcal/mole. With the value of 


found m Q-57, calculate the 

C“H 


•C-H 

C=C bond energy in H~C 


A-61 C 2 H 2 ^g^ ^^(g) ~ kcal 

Two C— H bonds were broken for a 
total energy of 198 kcal/mole There- 
fore, = 392 - 198 = 194 kcal/ 

mole which is the energy necessary to 
break one C=C bond. 


Q-62 List the following m order of increasing 
bond Strength. C“^C, C“C, C = C 


A-62 C-C<C=C<C=C 


Q-63 What general statement can be made 
relating bond strength to bond order, 
i e , single, double, triple? 






A-63 The higher the bond order the greater 
the bond strength. 


Q-64 In the reaction 2 Cl 2 ^^j ^ 

what bonds are being made and what 
bonds broken? 




A-64 Two Cl— Cl bonds are being broken 

and four C— Cl bonds are being formed. 




Q-65 Show that AH for the reaction 

A-A + B-B ♦ 2AB 

is equal to energy of bonds being 
broken - 2 : energy of bonds being formed) 

(Hint: Write AH for the dissociation of 
each molecule. ) 


thermodynamics and kinetics 


281 


A-65 A-A ■* 2A 

AHi = 

-A 

B-B 2B 

AHj = f g _ 

-B 

A~B - A + B 

AH 3 ~ ^ 

“B 


Take twice the negative of the last re- 
action and add to the first two to get 
the overall enthalpy change (Hess’ Law). 

AH = AHi + AH2 - 2AH3 

= 'a-a 'b-b ■ ^'a-b 


Q-66 Calculate the C— Cl bond energy 

if the enthalpy change for the reaction in 
Q-64 is -198 kcal and the is 

57 kcal/mole 


Since 

total energy of bonds being broken and 

energy of 

bonds being formed, 

AH = s: energy of bonds being broken 

- ^ energy of bonds being formed., 


* 1 ' 

A-66 ah s (Si energy of bonds being broken) j 

- ( 22 energy of bonds being \ 

formed) • 

-198 = 2(57) - (4)(€^^^j) j 


i liiiJJi ^ 78 kcal/mole 


Q-67 Calculate the Csn bond energy 

if the enthalpy change for the reaction 

H 

is » 

AH = -322 kcal/mole 

®N=n " kcal/mole 

= 103 kcal/mole 

€q_q= 80 kcal/mole 

€^_jj s 99 kcal/mole 






A-67 AH a (s energy of bonds broken) 

- (r energy of bonds formed) 


-322 a 1(225) + 1(103) - (80 + 3(99) + 
* 212 kcal/mole 


Q-68 


t 


Calculate the enthalpy change for the 
reaction 

‘^(g) °'fe) ■* 

if the bond energies are 

a 117 kcal/mole 
^C=0 * kcal/mole . 
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A-68 AH = (S - (S ) 


^ bonds broken^ 

= 117 - 2(173) 

= -229 kcal 


bonds ' 
formed 


Q-69 Calculate the enthalpy change for the 
reaction H H 

/H I I 

H-H> , + r = C /v-H-C-C-H/ 






H H 


if the bond energies are 

e-LT rr = 103 kcal/mole 
H n 

€q_q = 145 kcal/mole 

e = 80 kcal/mole 

e _ „ = 99 kcal/mole 
C — xl 


A-69 ah = - ^c-C 

= 103 + 145 - 80 - 2(99) 

= -30 kcal 


Q-70 The experimental value for the enthalpy 
for the reaction in Q-69 is -32 7 kcal 
Why might the calculated and the experi- 
mental values differ? 


A-70 The bond energies used are average 
bond energies The bond energy in a 
specific compound may differ from the 
average by several kcal/mole, 


Q-71 Estimate the enthalpy change for the 
reaction 


if the bond energies are 

e- „ - 76 kcal/mole 
Si— H 

£„ = 103 kcal/mole 


S 1 CI 4 . . ^ 4 H 2 - 


‘Si-H 


■H-Cl 

“Si“-Cl 


87 kcal / mole 


A-71 AH = 4eg^_jj + 4 €jj_^j - 


■H~H 


4(76) -f 4(103) - 4(87) - 4(103) 
-44 kcal 


trr Tt = 103 kcal/mole 
H“ H 


, ft) AH « (S trf bonds esdii; htckm) 

,.4,^ f, , . ’ & ^ ol bc»idi lomoitd) 

' ' :|if| %$ bofml mdmf tbe 

toifpr ttif botttiwSPiy 

Wk iMKipl Wpi m 
^ JWW m fflCW® ^ 


Another factor which determines whether a chemical reaction will take place is the change 
in entropy, S, of a system Entropy is the measure of the probability of a system. The 
higher the probability of a system existing in a given state, the higher will be the entropy of 
the system 


Q-72 Consider four coins. How many ways 
can the coins be arranged so that all the 
coins will be heads or all the coins will 
be tails? 
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A-72 There is only one way to arrange the 
coins so that they are all heads or all 

H H H H 

(1) (2) (3) (4) 

Q-73 How many ways can the coins be ar- 
ranged so that there will be one head 
and three tails Illustrate 

A-73 Four 

H T T T 

T H T T 

T T H T 

T T T H 

(1) (2) (3) (4) 

Q-74 How many ways can the coins be ar- 
ranged so that there will be two heads 
and two tails'? Illustrate. 

A-74 Six 

H H T T 

H T H T 

H T T H 

T H H T 

T H T H 

T T H H 

(1) (2) (3) (4) 

Q-75 How many ways can the coins be ar- 
ranged so that there will be one tail and 
three heads? Illustrate 

A-75 Four* 

T H H H 

H T H H 

H H T H 

H H H T 

(1) (2) (3) (4) 

Q-76 The four coins are placed in a box. The 
box is shaken and a record is kept of 
how many heads and tails appear after 
each shaking This process was re- 
peated a thousand times. Which ar- 
rangement of coins will appear the most 
times'? 

A-76 Two heads and two tails. This is 

called the most probable arrangement 

Q-77 Which arrangement of coins has the 
least probability ? 

A-77 All heads or all tails. There is only 
one way of obtaining these arrange- 
ments. 

fi MINIM ■ iNHwiMM 

Q-78 Remembering that a high probability is 
analogous to a high entropj?, which ar- 
rangement of the coins has the greatest 
entropy? Why? 

A-78 Two heads and two tails. This arrange- 
ment has the highest probability. 

Q-79 Which arrangement of the coins has the 
smallest entropy? Why? 

MMMMMMMMMItWIIIlMNlMMMlNlNNI M MM MM VI MM If MMMMMMMM MMM MMMM M MMMMMf-MMMMMMMMMMMM MM M M MM MM MM MM 

A-79 Ail heads or all tails. This arrange- 
. ment has the lowest probability. 

Q-80 The entropy is often said to be related 
to the disorder of a system. Consider 
the system of the four coins. Which 
arrangement has the greatest disorder? 
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A-80 Two heads and two tails There are 
more ways to arrange the coins to get 
two heads and two tails than any other 
arrangement 


A-81 All heads or all tails There is only 
one way to obtain these arrangements 


Q-81 Which arrangement of the coins has the 
most order 


Q-82 What is the relationship between entropy 
and disorder for a system? 


-82 The higher the entropy of a system, the • Q-83 
greater is its disorder I 


A change in entropy of a system is de- 
fined as AS = Sfinal - Smitial K the 
four coins in a box are arranged so that 
they are all heads and the box is shaken, 
the arrangement of the coins might change 
to three heads and one tail or maybe two 
heads and two tails What is the entropy 
change, AS, for this process ? Is it 
positive, negative or is there no change? 
Why? 


A- 83 positive 

= Sfinai - Sinitial 
Sfinal > Sinitial 


Q-84 In the above change, does the system go 
to a more disordered state or a more 
ordered state? 


A-84 A more disordered state 


Q-85 What is the relationship between the 

change in entropy and the change in order 
for a system going from one state to 
another ? 


A-85 A positive entropy change is associated 
with a system going to a more dis- 
ordered state. A negative entropy 
change is associated with a system 
going to a more ordered state 


Q-86 


A-86 AS = positive. The process is spon- 
taneous. The entropy change can be 
considered as a force tending to place 
the system in the final state. 


Q-87 


t 

i 

iMnMHaaaftMaaKi.M.... * 


In the example of the coins, 

4 heads - 2 heads + 2 tails 

the energy of the system remains con- 
stant. (The energy of each coin is the 
same whether a head or tail is showing, ) 
As long as the energy remains constant 
(AH = 0), the entropy is a measure of 
the spontaneity of a process. If AS is 
positive, the process is spontaneous. 

If AS is negative, the process in the re- 
verse direction is spontaneous. In the 
process below: 


H T T T 


T H H T 


what is the entropy change? Is the 
process spontaneous? 


In the process below 
H T T T T 


T T T 


what is the entropy change? Is the 
process spontaneous? 
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A-87 


A-88 


AS = negative The process is spon- 
taneous in the reverse direction In 
order for the process to occur as 
written, a force must be applied which 
overcomes the entropy force This 
can be done by adding energy to the 
system (In such a case, AH will no 
longer be zero ) 


Q-88 


Diagram (2) The molecule has more 
space in which to move around, there- 
fore, the system would have more dis- 
order In diagram (1), the molecule is 
held in a fixed position 


Q-89 


Consider the two diagrams below 



(1) (2) 

In diagram (1), a molecule is placed in 
a box the size of the molecule. In dia- 
gram (2) a molecule is placed in a box 
9 times as large as box (1) Which sys- 
tem would have the greatest disorder*? 
Why*? 


The concept of entropy can be applied in 
the same manner to chemical systems 
Consider the expansion of an ideal gas 
from one container into an evacuated 
container 



(vacuum) 


What happens to the gas when the stop- 
cock is opened between the two flasks? 


A-89 Gas flows from flask 1 into flask 2 
until the pressure in the two flasks is 
equal. 


Q-90 Is there any enthalpy change (AH) in the 
process? Why? 


A-90 No. AH = 0. The only process taking 
place IS that of the molecules moving 
further apart. Since there are no at- 
tractions between ideal gas molecules, 
no energy is released or absorbed when 
molecules are moved further apart. 


Q-91 Which state has more disorder? Why? 




A-91 The final state has more disorder than 
the initial state. The greater disorder 
of the final state arises from the mole- 
cules having more volume in which to 
move around. 


Q-92 The reason the gas expands is that the 
entropy change for the process is posi- 
tive. The entropy change is the driving 
force for the process. Why is the en- 
tropy change positive for this process? 


t 
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A-92 The greater the disorder, the greater 
IS the entropy Since the disorder in 
the final state is greatei than that of 
the initial state, the entropy in the 
final state is greater 

AS = positive, If Sf^nal > Sinitial 

(If the gas had not been ideal, energy 
would have to be added to break the 
forces of attraction between the mole- 
cules Therefore, two forces would be 
at work - an enthalpy force and an en- 
tropy force In this question only the 
entropy force was considered ) 


A-93 The final state has more disorder 

There is more order if the two gases 
are in their own container 


Q-93 Consider the following process for mix- 
ing two ideal gases 



Which state (initial or final) has the 
greater disorder 


Q-94 What is the driving force for the above 
process to take place*? 


A-94 The change in entropy (AS = +) 


Q-95 Consider the process of dissolving a 

lump of salt in a beaker of water. What 
IS the sign of the entropy change for 
this process’? 


A-95 AS = positive. Final state is more 
disordered than initial state. 


Q-96 What is the sign for the change in en- 
tropy for the freezing of liquid water ^ 


A-96 


AS = negative In the liquid state, water ; Q-97 What is the sign for the change in en- 
molecules are more disordered than in : tropy for the vaporization of a liquid*? 

the ordered solid. • 


A-97 


AS = positive In the gas state, mole- 
cules are less ordered than in the liq- 
uid state 


A-98 


AS = negative Since two molecules 
are combining together to form one 
molecule, the order of the system is 
increasing. 


U 

• Q-98 Consider the chemical reaction: 

m 

I A 4 B * AB 

m 

• What would the sign for the entropy 

: change be for the reaction*!* 

: 

« 

m 

i Q-99 What would be the sign for the entropy 
: change of this reaction: 

1 AB - A 4 B *? 




M w tv !|||| «( » lit « w M MW « # # « 4* # # K « 


A-99 


AS = positive. The dissociation reac- 
tion causes more disorder in the sys- 
tem. 


Q-IOO Consider the reaction; 

A 4- B ”*• C 4 D 

What would the sign of the entropy be 
for this reaction? 






A-lOO If the entropy, S, of A, B, C, and D 
are all the same, AS would be zero. 
This IS usually not the case. The en- 
tropy of a given molecule depends on 

of the atoms in the molecule 
as well as the motion or speed of the 
molecule Itself. 


Q-101 Consider two dogs asleep in one kennel 
and two puppies playing in another ken- 
nel. In which kennel will there be the 
greatest disorder? Why? 
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A-101 The one containing the puppies will 

have the greatest disorder because of 
the greater motion of the animals 


Q-102 How can the motion of a molecule be 
increased*? 


A-102 Increasing the temperature 


Q-103 Since disorder is related to motion, 

what must entropy be dependent upon*? 


A- 103 Temperature 


Q-104 As the temperature increases, does the 
entropy increase or decrease*? Why*? 


A-104 Increase More motion gives greater 
disorder 


Q-105 At absolute zero, the entropy of all pure 
elements and compounds is zero How 
can you account for this*? 


A-105 At absolute zero the kinetic energy is 
zero and the system is rigid, making 
it a completely ordered system A 
complete lack of disorder results in 
zero entropy 


Q-106 In order to determine the entropy change 
for a reaction such as A + B ■+ C + D, 
the entropy of each compound must be 
known at the temperature at which the 
reaction is being carried out The 
change in entropy is determined from 
the relationship 

AS = 

If the entropies of the reactants and 
products were 

= 20 cal/mole-deg 

= 25 cal/mole-deg 


Sc 


= 18 cal/mole-deg 
= 23 cal/mole-deg , 


determine the change in entropy for con- 
version of one mole of A and one mole of 
B into one mole of C and one mole of D. 
S® refers to the entropy at the standard 
conditions of 25® C and one atm pressure. 
{See Table H.) 


A-106 For conversion of one mole of A and 
one mole of B into one mole of C and 
one mole of D, 

AS” = SnS” - SnS” 
p r 

AS® = {(1 mole){18 cal/mole-deg) + (1 mole)(23 cal/mole-deg)] - 

[{1 mole)(20 cal/mole-deg) + (1 mole)(25 cal/mole-deg)] 

AS* = -4 cal/deg. 

(as® is the entropy change for the re- j Q-107 
action at standard conditions, 1 atm 
pressure and 25® C. ) 


S 


Provided that the enthalpy change (AH) 
for the above reaction is zero, would 
the reaction be expected to be spontane- 
ous to the left or right? 
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A-107 AS° = -4 cal/deg 

It IS spontaneous m the reverse direc- 
tion or to the left 


Q-108 What is the entropy change for the re- 
action 

®'(g) ^ 
at 25° C if 

S° = 31 2 cal/mole-deg 
Ha 

S° = 49 0 cal/mole-deg 

Oa 

Si ^ = 45 1 cal/mole-deg 

■n.2U 


A-108 For the conversion of one mole of Ha 
and one half mole of O 2 into one mole 
of HaO, 

AS° = SnS° - SnS® 
p r 

AS° = [(1 mole)(45 1 cal/mole-deg)] - [(1 mole)(31.2 cal/mole-deg) -f 

, [(i mole)(49 0 cal/mole-deg)] 


AS° = -10 6 cal/deg 

(The units for this answer would also 
be cal/deg per mole of HaO formed ) 


Q-109 Provided that the enthalpy change (ah") 
for the above reaction is zero (which it 
isn’t), would the reaction be spontaneous 
as written*^ 


A- 10 9 No AS° IS negative 


Q-110 Ignoring the effect of AH on the reaction 

CaCOs^gj - CaO^gj COa^^j 

and considering only entropy, S, would 
the reaction be expected to be spontane- 
ous? 

Soaf-rv = 22 2 cal/mole-deg 


°CaO 


(s) 




= 9,5 cal/mole-deg 
= 51.1 cal/mole-deg 


A-110 For the conversion of one mole of 
CaCOa o*'® mole of CaO and one 
mole of CO 2 , 


AS° = SnS° 
P 


sns; 


AS° = [(1 mole)(9 5 cal/mole-deg) + (1 mole)(51.1 cal/mole-deg)] - 

s [(1 mole)(22.2 cal/mole-deg)] 

AS° = 38.4 cal/deg • 

Q-111 Calculate the entropy change which ac- 
companies the formation of 1 mole of 
gaseous HCl from its elements at 25°C. 


AS° IS positive; therefore, the reaction 
should be spontaneous. 


= 44.6 cal/mole-deg 
» 31.2 cal/mole-deg 


®HCI 

S!, 

Hz 

= 53.3 cal/mole-deg 


.................................................z, 
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AS” = ((1 mole)(51 1 cal/mole-deg)| - 
AS” = -35.7 cal/deg 


A-113 For the conversion of two moles of CH4 
and two moles of CaH® into two moles 
of CjHg and two moles of Hj, 

AS" = a:nS" - SnS! 

p r 


[(1 mole) (37. 8 cal/mole-deg) + 

: (1 mole)(49.0 cal/mole-deg)] 

; Q-113 What is the entropy change for the re- 
j action 

I if S^jj = 44.5 cal/mole-deg 

! ^ 

; Si = 54 8 cal/mole-deg 

m 

\ SI „ = 64.5 cal/mole-deg 

j Si = 31.2 cal/mole-deg 

; «2 
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S-7 It has been stated that the entropy change is the criterion of spontaneity provided that the 
enthalpy change in the process is zero In most chemical processes the enthalpy change ^ 
not zero Because of this, a new criterion of spontaneity will be introduced which will in- 
clude both the enthalpy factor and the entropy factor This new quantity is called the free 
energy , G 

AG = ^^Cl^products) ' "’^*^(reactants) 


Q-114 If G = H - (T){S) (T is the absolute 

temperature), derive an expression for 
AG, at constant temperature, in terms 
of AH and AS (Consider only one mole 
of each reactant and product ) 


A- 114 



= ^«(P) 

- 

■ 

i 

■ 

it 

3 



- T(2S(^)) 

n 

« 

• 

■ 

K 

■ 

AG 


- "%) 

« 

3 

H 

• 

■ 

AG 

11 

- - [T(SSp) 

- T(SSr)] 

AH 


- ^\) 

3 

3 

3 

AS 

= ^(p) 

■ 

a 

• 

• 

AG 

= AH - 

TAS 

» 

1 

i 


Q-115 From the expression for AG in terms 
of AH and AS and a knowledge that if 
AH = 0, AS IS a measure of the spon- 
taneity of a reaction, what should the 
sign of AG be for a spontaneous process 
and what should itbe for a non-spontane- 
ous process’ 


A-115 AG = AH - TAS 
AH = 0 

When AS is positive the reaction is 
spontaneous 

Therefore, AG is negative for a 
spontaneous reaction 
When AS is negative the reaction is 
non-spontaneous 
Therefore, AG is positive for a 
non-spontaneous reaction. 


: Q-116 It is now possible to determine the apon- 
I laneity of any chemical process regard- 

: less of whether the enthalpy change is 

I zero or not. To determine the spontane- 

: ity of a reaction the enthalpies and 

! entropies of both products and re- 

; actants at the same temperature, 

; i. e. , standard state, must be known. 

I Calculate the change in free energy, AG, 

; for the following reaction at 25“ C- 

; (Remember T must be used as absolute 

I temperature. ) 

1 ^*(g) ^^(g) ^ 


AH° (kcal/mole) S“ (cal/ mole -deg) 


tJ 

Hj 

0 

31.2 

O 2 

0 

49.0 

H 2 O 

-57.8 

45.1 


I (These values were obtained from TUble 

! I and Table 11. ) 

3 
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A-116 For the conversion of one mole of H 2 
and one half mole of O 2 into one mole 
of H 2 O, 


AH° = :::nAH; - :^nAH; : 

^P) ^(r) 1 

AH“ = 1(1 mole)(-57 8 kcal/mole)] - [O +0] 

AH" = -57 8 kcal j 

AS° = i:nS" - i-nS" \ 

P ^ : 


A-117 


AS° = 1(1 mole)(45 1 cal/mole-deg)] - [(1 mole)(31 2 cal/mole-deg) + 

{ \ mole) (49 0 cal/mole-deg)] 

AS" - -10 6 cal/deg 
AG" == AH" - TAS" 


AG" = -57.8 kcal - (298)(-10 6 cal/deg) (:ji^^) 

iff .-57 8 kcal. 3 2 kcal | 

AG' =• -54 6 kcal. i 

« 

* 

It US s pontaneous (aG" is the free : 
energy change for the reaction at • 

standard conditions, one atm pressure ; 
and 25" C ) : 


(From Table I and II) 

AH^'(keal/mole) S" (cal/mole-deg) 


CaH* 

12.5 

52.4 

H2 

0 

31.2 

Calls 

-20.24 

54,8 


Calculate the change in free energy 
(ag“) at 25"C for the following chemical 
reaction 

C2H4 + Hz - CsHg 

Is the reaction spontaneous'? 

(Hint Obtain information needed from 
Table I and Table II. ) 


AH" - 1(1 mole)(-20.24 kcal/niole)| 

= -32.7 kcal 

AS’ - 1(1 moIe)(54.8cal/mole-deg)l 

AS" -28.8 cal/deg 

AG’ " AH" - TAS’ 

„ (298)(-28.8) 

iWS — 

iff ■ -32.7 1 8.6 - -24.1 kcal 

Spontaneous 




j(l raole)(l2. 5 kcal/mole) + 0 


j(i mole) (3 1.2 cal/mole-deg) + 

. (1 mole)(52 4 cal/mole-deg)] 

4* 

: A-118 Calculate the change in free energy at 
I 25"C for the isomerization of isobutane 

• into n -butane. 

S oiQ 

; Y«3 

\ CHg-CH-CHa - CH3-"CH2-CH2“CHs 

1 isobutane n-butane 


AHj(kcal/mole) S“ (cal/mole-deg) 

isobutane -31 5 70.4 

n-butane -29.8 74.1 
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A-118 AH° = [(1 mole)(-29 8 kcal/mole)] - [(1 mole)(-31 5 kcal/mole)] 


AH° 

AS° 

AS° 

AG” 

AG® 


= +17 kcal 

= [(1 mole)(74 1 cal/mole-deg)] - [(1 mole)(70 4 cal/mole-deg)] 
= 37 cal/mole 

= 17-11=06 kcal 


Spontaneous in reverse direction 


Q-119 Calculate the change in fiee energy for 
the decomposition of benzene (CgHg^j^p 
into its elements at 25° C 


A- 119 (From Table I and II) 


AH|(kcal/mole) S° (cal/mole-deg) 


Benzene 

H2 

C 


CgHg 


11 7 
0 
0 


(£) - 3H2(g) + 

AH° = [0 + 0] - [(lmole)(ll 7 kcal/mole)] 


41 3 
31 2 
1 37 


+ 6C, 


AH° 

AS° 


AS" 

AG° 

AG" 


= -11 7 kcal 

= [(3 moles)(31 2 cal/mole-deg) 

+ (6 moles) (1 37 cal/mole-deg)] 
- [(1 mole) (41 3 cal/mole-deg)] 
= 60 5 cal/deg 

(298)(60 5) 


= AH" - TAS" = -11 7 - 


1000 


= -11 7 - 18 0 = -29 7 kcal 


Spontaneous 




A-120 AG" = 

AG" = 
AG" = 


Q-120 Just as standard enthalpy and entropy 

values were given for compounds, stand- 
ard free energy of formation values are 
given (Table III). The standard free 
energy of formation . AG|, for a com- 
pound is the change in free energy which 
accompanies the formation of one mole 
of the compound from its pure elements 
The free energy of formation of an 
element in ^ standard state is assigned 
a value of zero , by convention. 

What is the free energy change for the 
reaction 


if 


Ggci = -22.8 kcal/mole? 




SnG" - 2nG" 

P 

[(1 mole)(-22.8 kcal/mole)] - [0 + 0] 
-22 8 kcal 


Q-121 What is the standard free energy of for- 
mation for HCl^gj? 


A-121 Conversion of one half mole of and 
one half mole of Clj into one mole of 
HCl IS obtained from A-120 AG* for 
the reaction is -22,8 kcal. From the 
definition for standard free energy of 
formation, 


Q-122 What is the relationship between free 
energy of a compound, G", and the 
standard free energy of formation for 
the compound, AGj? 
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A- 122 Identical 




(AB) 


A~123 AG” = LnAG; - SnAG.” 

^(p) ^(r) 

AG” = fO + (1 mole)(20.7 kcal/mole)] 
AG” =8.3 kcal 

Spontaneous in reverse direction 


A-124 AG” = ::nAG! - 2:nAGl’ 
^(P) ^(r) 


I Q-123 Calculate the free energy change for the 
j reaction 

j NO2 - NO + IO2 

: at 25‘’C from the standard free energies 

I of formation 

; AGf = 12 4 kcal/mole 

j (NO2) 

! ag; = 20 7 kcal/mole 

! ^(NO) 


« 

I 

■ 

[(1 mole)(12 4 kcal/mole)] 

■ 

■ 

I Q-124 Calculate the standard free energy of 

• formation for H2O2 

■ 

i The free energy change for the reaction 

j H2O2 - H2O + i02 

■ 

j IS AG" = -29 9 kcal and 

I AGf = -54 6 kcal/mole 

i (HjO) 


-29.9 kcal = fO 4 (1 moie)(-54.6 kcal/mole)] 
-24.7 kcal/mole | 


AGJ 


(HzOz) 


1(1 mole){AG; )] 
(H2O2) 


AG = AH - TAS 
AG = 9,590 - (378)(25.7) 

AG = 9,590 - 9,715 = -125 cal/mole 
Spontaneous 


Q-125 The heat of vaporization (AH) of water 
at 105" IS 9,590 cal/mole. The entropy 
change is 25.7 cal/mole-deg. What is 
the free energy change for the conver- 
sion of one mole of liquid water at 105“ C 
into steam? 


A-125 


Q-126 


If the values for AH and AS were the 
same for the vaporization of H2O at 
90“C as th^ were at 105“C, what would 
be the value for the change in free 
energy for the conversion of one mole 
of water into vapor at 90“C? 


A- 126 AG 
AG 


AH - TAS 
9,590 - {363)(25.7) 

AG = 9,590 - 9,329 * 261 cal/mole 
Not spontaneous 

This illustrates the effect of temper- 
ature in the entropy term. 







^ , V i 





■ .<■ . •- 


"Ill® 




. ■ ■ \ - ■ ,:/ 

; 
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PART 11: Rates of Reactions 


S-l Using thermodynamic calculations, it is possible to determine whether products may be ob- 
tained from various reacting substances, but these calculations tell nothing about how the 
reactants form the products, nor the time required for them to do so This part of the 
program will be concerned with the two questions, 

a) How do the reactants combine to form products’ 

b) What is the speed of the reaciaon’ 

The speed atwhich a car travels is defined as the distance traveled per unit of elapsed time 



Q-1 Write a matliematical expi ession for 
speed. 

A-1 _ d where s is the speed, d the 

® “ t distance traveled, and t the 

elapsed time 

Q-2 A car travels a distance of 120 miles in 
two hours What is its speed? 

A-2 „ d 

S 

s = gQ mi/hr 

/i nr 

Q-3 A man on a hike travels 3 miles in two 
hrs. What is his average speed in 
ft/sec ? 

(Hint: 5280 ft = 1 mi) 

A-3 S-fiai 5,280 ft l-hae 1 flani- 

Q-4 If a body moves with a speed of 

45 cm/sec, how far will it travel in 

2 min? 

‘ 2 hi* 1 mt 60 1 60 sec 

s = 2 2 ft/ sec 

A-4 d = st 

^ 45 cm I 60 -see- 1 2 -hi«i- 

1 1 yv> ■« r% I 

W t * JLIT I 

= 5, 400 cm 

Q-5 Rate-of change is defined as the change 
of a quantity per unit of elapsed time. 
Define speed in terms of rate of change. 

A- 5 Speed is the rate of change of distance 



S-2 Just as the distance traveled per elapsed time is the rate at which a car travels (speed), the 
change in concentrations of reactants and products per elapsed time as a chemical reaction 
proceeds is called the rate of Wie chemical reaction (the speed of the reaction). 


; Q-6 For the chemical reaction A B, it 
: was found experimentally that the-con- 

I centration of B increased by 0.20 

I moles/l in 1 hr. What is the rate of 

I the chemical reaction ? 
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A-6 


A-7 


A-8 


A-9 


„„x- change in concentration 

r l6 ^ 1 X 

elapsed time 

0 20 mole/ £ 

1 hr 

= 0 20 mole/£ -hr 

i Q-7 

1 

■ 

■ 

H 

1 

■ 

• 

■ 

■ 

H 

II 

■ 

a 

R 

R 

■ 

■ 

■ 

■ 

R 

■ 

For the chemical reaction C -* D, the 
change in concentration of C in 40 sec 

IS 0 0040 mole/£ What is the rate of 
the chemical reaction"? 

^ 0 004 mole/ £ 

= 40 sec 

= 1 0 X 10"'^ mole/£ -sec 

i 

1 Q-8 

t 

« 

■ 

■ 

1 

■ 

a 

■ 

■ 

■ 

« 

« 

R 

R 

H 

R 

For the chemical reaction F G, the 
initial concentration of G is 0 0 and its 
concentration after 70 mm is 0 20 
mole/£ Wliat is the average rate of 
this chemical reaction"? 

rate 

70 min 

= 2.9 X 10“® mole/£-min 

1 Q-9 

fl 

R 

<1 

■ 

R 

H 

R 

R 

• 

H 

* 

R 

R 

R 

a 

a 

a__ 

For the chemical reaction H I, the 
initial concentration of H is 2 7 moles/£ 
and its concentration after 2 0 hours is 

1 3 mole/£ . What is the average rate 
of this reaction"? 

rate - (2/? - 1.3) mole/£ 

" 20 hr 

I 

o 

For the two reactions 


R 

a 

A -* B 

= 7,0 X 10" ‘ mole/£-hr 

H 

H 

a 

C - D 


the following data were obtained* 


R 

R 

i 

time 

cone, of A 

cone, of B 

1 

R 

• 

R 

(hr) 

(mole/£ ) 

(mole/£ ) 

i 

• 

0 

0.10 

0 

1 

! 

R 

2 

0 050 

0.050 

R 

R 

s 

time 

cone of C 

cone of D 

R 

i 

(hr) 

(mole/£ ) 

(mole/£ ) 

R 

* 

R 

R 

0 

0 10 

0 

! 

2 

0.075 

0 025 


; Which reaction proceeds at the greatest 

s rate ? What are the rates of formation 

! of B and D? 

* 


A- 10 A • B has the greatest rate. 

rate of formation of B 

0.050 mole/je 0.025 mole 


! Q-11 Consider the reaction A - B in the pre- 
: ceding question. For every 0 1 mole/j2 of 

■ B form^, what happens to tlie concen- 

! tration of A? 


rate of formation of D 

0.025 mole/Jt 



0.012 mole 






A-ll The concentration of A is reduced by 
0.1 mole/£ . 




Q-12 For the reaction A B, the rate of the 
reaction can be followed by measuring 
the rate of formation of B. How else 
might the rate of the reaction be fol- 
lowed? 
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A-19 


B Bate of reaition decreases with time* 

A 

r<ite 

v. 



time 

5i 

Rate deci eases with time 



S-3 In Uie precediiiK section, the rates of reactions were seen to vary with concentration The 
dependency of tlie rate of a reaction on the concentration of reactants may be expressed in 
mathematical terms as- 

Rate Of f A j "A 

whtne [A] us the concenti ation (in molo/je) of a reactant and n^ is a number to which the 
( oncentration of the reactant must be laised to give the observ^ rate. 


Q-20 For the chemical reaction A — B, it is 

found that the rate of die reaction doubles 
as the concentration of A is doubled. If 
rate a | Al’^A^ what must n^^ be for this 
reaction? 


A-20 Rate { A|; ii/^^ - 1 


Q-21 


For the chemical reaction A — C, it is 
found that the rate of the reaction quad- 
: ruples when the concentration of A is 

5 doubled. Write this dependency in 

I mathematical terms. That is, if 

5 rate a [ Aj”-^, what must n^ be? 

« 

« 

m 


A-21 Rateo(Al”A 

Assume that rate - 1, when A = 1 
I o{ Ij^A 

When A is doubled (A » 2), the rate is 
quadrupled (rate « 4): 

4 o{2pA 

In order for both expressions to be 
valid, n^ must be equal to 2, 

Therefore, rate o { A ] * . 

A-22 Ratea[Aj”A 

Assume rate * 1, when A ■ 1 

When A Is doubled (A = 2), the rate is 
increased by a factor of 8 (rate = 8)* 

8 a{2]'^A 

In order for both expressions to be 
valid, must be equal to 3. 

Therefore, rate or { A]* . 


Q-22 For the chemical reaction A ■* D, it is 
found that the rate of the reaction in- 
creases by a factor of 8 when the con- 
centration of A is doubled. If 
rate a [ A -what must n^ be for this 
reaction? 


1 *1*1* 


Q-23 For the chemical reaction B -»■ C, it is 
found that the rate of the reaction 
triples when the concentration of B is 
increased 9 times. If rate a [ B]*'®, 
what must ng be for the reaction? 








S-4 The power to which the concentration of a given component must be raised in order to give 
the correct mathematical expression, is called the order of that component in the reaction 


Q-24 For the chemical reaction A - C, it has 
been found that the rate of the reaction 
may be expressed as- 

rateaf A]^ 

What is the order of A in this reaction ? 


A- 24 2nd order; n^^ = 2 | Q-26 For the chemical reaction A D, it has 

I been found that the rate of the reaction 

I may be expressed as: 

I ratea[A]® 

What is the order of A in this reaction? 


A-25 3rd order, n^ = 3 1 Q-26 For the chemical reaction A E, it is 

I found that the rate of the reaction doubles 

when the concentration of A is quadrupled. 
What is the order of A in this reaction? 


A-26 Rate a [A] "a 

Assume A = 1, when rate = 1 

la [if A 

When A is quadrupled (A = 4), the rate 
is doubled (rate = 2)- 

2a[4]"A 

In order for both expressions to be 
valid, n^ must be equal to i. There 
fore, the order of A is I 
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S-5 


In most cases, the order of reactants are whole numbers and can be determined by inspec- 
tion. However, for large whole numbers and non-whole numbers, logarithms should be 
used to determine the correct order For example, the rate of the reaction A— P increases 
by a factor of 5 18 when the concentration of A is tripled What is the order of A*? 

la[l]"A and 5 18a[3]’^A 


Divide the second expression by the first to give 

5 18a[3]^A 
1 o [1]^A 

Therefore, 5. 18 = [3]"-^ The two sides of the equation may be set equal to one another 
since the proportionality constants in the two expressions must be equal and would cancel 
out. Take the log of boft sides 


log 5. 18 = n^(log 3) 

0 7143 = n^(0 4771) 
3/2 = n^ 


A-27 Icflj'^A and 2.25a fl,5]”A 

Divide second expression by first to 
give 

2 25 = [l.Sj’^A 
log 2,25 = n;^ (log 1.5) 

0.3522 = n^ (0.1761) 

2 = nA. 

Second order in A. 


Q-27 For the chemical reaction A -<> G, it is 
found that the rate of the reaction in- 
creases by a factor of 2 25 when the 
concentration of A is increased by a 
factor of 1,5, What is the order of A 
in this reaction? 




Q-28 For the chemical reaction A - H, it is 
found that the rate of the reaction in- 
creases by a factor of 1.59 when the 
concentration of A is doubled. What is 
the order of A in this reaction ? 


A-28 la[l]^A and 1.59a [ 2 ]”A 

Divide second equation by first to give 
1 59 = [2]”A 
log 1.59 = UA^og 2) 

0.2014 = nA (0.3010) 

2/3 = ua 
2/3 order in A. 


A-29 


la[l]® and xa[2]® 

Divide second equation by first to give 

X - [2]’ 

X * 8. 

The rate increases by a factor of 8. - 


Q-29 


Q-30 


For the chemical reaction A I, it is 
found that the order of A in the reaction 
is third order. What happens to the 
rate of the reaction when the concentra- 
tion of A is doubled? 


Fbr the chemical reaction A — J, it is 
found that the order of A in the reaction 
is first order. What happens to the 
rate of the reaction when the concentra- 
tion of A is tripled? 
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A-30 The rate increases by a factor of three j Q-31 If for the reaction A M, it is found 

j that the rate of the reaction is propor- 

j tional to A raised to the second power 

I and k is the proportionality constant 

I (called rate constant), write a mathe- 

I matical equation to illustrate this (This 

j mathematical equation is called the rate 

I expression ) 

■ 

i 

- 

I 

A-31 rate = k [A]^ j Q-32 The reaction A B has been found to 

„ X , ^ X X /■ X ! be first order with respect to A Write 

The proportioiHhly constant (or rate ; expression for this reaction, 

constant) is different for each reaction ; * 


A-32 rate = k [A] 


i Q-33 The reaction A ■* C has been found to 
I be third order with respect to A. Write 

i the rate expression for this reaction. 


A-33 rate = k [A]® ; Q-34 A reaction follows the rate expression 

j rate = k [A] 

M 

! If the late is expressed in teims of 

I moleA -sec and the concentration of A 

j is in mole/? , what are the units of the 

: first order rate constant'^ 


A-34 mole/£-sec = (k)(mole/£) 

1 


k = 


sec 


; Q-35 A reaction follows the rate expression 

■ 

I rate - k jAp. 

■ 

I Expiessing the rate in mole/? -min and 

j the concentration of A in mole/? , what 

I are the units of the second order rate 

I constant? 

« 

■ 

M 


A-35 mole/j?-min = (k)(moleV?^) 
k = ?/mole-min 


A-36 mole/? -sec = (k)(moleV?®) 
k = ?Vmole^-sec 


A-37 rate = k [A] 

0.10 mole 
sec I 

= 2 5 X 10~'^ mole/ ?-sec 


Q-36 A reaction follows the rate expression 
rate - k fAp 

Expressing the rate in mole/l-sec and 
the concentration of A in mole/? , what 
are the units of the third order rate 
constant? 


Q-37 The rate constant of a first order re- 
action is 2.5 X 10“®8ec"‘, and the initial 
concentration is 0 10 mole/? What is 
the initial rate in mole/? -sec? 






Q-38 The initial rate of a second order re- 
action is 5 0 X 10”’ mole/f-sec, and 
the initial concentration of the reacting 
substance is 0.20 mole/l. What is the 
rate constant in ?/mole-sec? 
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rate = k [A]^ 

5 0 X 10"'^ mole 
l-sec 


= k 


0 20 mole 


_ 5 0 X 10"'^ mole/g -sec 
" (0 20)2 mole2/je2 

= 1 2 X 10“5 £/mole-sec 


Q-39 


A-39 rate = k [A]-' 

3 

2 Ox 10"®mole/£-sec=k[0 20mole/£]‘i 

k - 2 0 X 10~^ mole/i-sec 

0 089 mole ^ 

= 2 2 X 10"^ jSVmole^-sec 

When the concentration is one half of 
the original 

2_2xl0-U“* (0 10 mole) 

^2ite = 7~V~IZr X p 
mole -sec 

= 7 0 X 10 mole/£ -sec 


Q-40 


A-40 ^ _ -0 0276 mole/£ 

50 sec 

= -5 5 X lO"'* mole/fi -sec 


Q-41 


The initial rate of a 3/2 order reaction 
is 2 0 X 10"® mole/i-sec when the initial 
concentration is 0 20 mole/£ Calculate 
the rate constant What is the rate of 
reaction after the concentration of the 
reactant becomes of the original 


In the reaction CO2 -* C + 62, 0 0276 
mole/£ of CO2 is used up in the first 50 
seconds What is the average rate of 
the reaction over this period of time*? 


In the reaction, CO2 - C + O2, 0.0154 
mole/£ of CO2 is used up over the sec- 
ond 50 seconds What is the average 
rate of the reaction over this period of 
time? 



S-6 In an expression where the rate is negative (disappearance of reactant) the rate expression 
IS written with a negative sign before the rate constant, in order that the rate constant in 
the rate expression always be a positive number. For example, 

A - B rate = -k [Aj 
where rate is the change in concentration of A with time. 


Q-42 In the reaction CO2 - C + O2, CO2 is 
found to be first order. Write the rate 
expression for this reaction in terms of 
change in concentration of C02. 


A-42 rate = -k ICO2] 


Q-43 In the reaction CO2 - C + ©2, the average 
rate of the reaction over the first 50 
seconds is -0.00055 mole/£ -sec. If the 
initial concentration of CO2 is 0.080 
mole/f and 0 0276 mole/£ of CO2 is 
used up in the first 50 seconds, calcu- 
late the first order rate constant, 
(Assume that for the average rate, an 
average value of CO2 is present. ) 
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A-43 rate = -k [COg] 

, -0.00055 mole 

average rate = 


Q-44 


Below IS a table of data for the decom- 
position of dimtrogen pentoxide 

2N2O5 ^ 4NO2 + O2 • 


average concentration = 0 080 - 0.0138 
= 0 066 mole/jf 

-0 00055 mole _ -k [0.066 mole] 

£-sec " a 

k = = 83 X 10-® sec-i 

0.066 


A- 44 


time 

[N 2 O 5 ] 

0 

2 33 

184 

2 08 

319 

1 91 

526 

1.67 

867 

1 35 


average rate 
moleA -min 


1,36 X 10-=* 
1.26 X 10-=* 

1.16 X 10 -=* 

0.94 X 10-=* 


A-45 First interval 

rate = -k [NaOs]*^ 
rate = -1 36 x 10"=* 

[NjOs] = 2 20 mole/f 
Last interval 
rate = -0 94 x 10 "® 

[N 2 O 5 ] =1,51 mole/i 
-1.36 X 10-® = -k [2.20]" 

-0 94x 10-® = -k [1.51]” 

1 45 = 1.46” 

log 1.45 = n(log 1 46) 

0 161 = n(0.164) 0.98 =n (SI) 

Therefore, rate = -k [N 2 O 5 ] 


; Q-45 
! 


t 



i 

■ 

■ 

! 

i 

! 

i 


i 

1 

P 


time 

(min) 

concentration 
(moleA ) 

0 

2 33 

184 

2 08 

319 

1 91 

526 

1 67 

867 

1 35 


Determine the average rate between 
each interval in moleA -min. 


Determine the rate expression for the 
decomposition of N 2 O 5 . Assume that 
for each average rate, an average con- 
centration of [N 2 O 5 ] is present. (Hint. 
Use the data from the first and last in- 
terval ) 


From the rate expression and the data 
from A-44, determine the rate constant 
for this reaction. (Calculate for each 
interval and taJce average. ) 




A-46 rate = -k [N 2 O 5 ] 


average 
[N 2 O 5 ] 
mole / 1 

average rate 
(mole/Jt-min) 

k 

(min”*) 

2 20 

1 36 X 10-® 

6,2 X 10-* 

2 00 

1 26 X 10-® 

6.3 X 10-* 

1.79 

1 16 X 10-® 

6 5 X 10-* 

1 51 

0 94 X 10-® 

6 2 X 10-* 

average = 

6.3 X 10 ’'Vmin 



Q-47 For the chemical reaction A + B -*■ C, 
the rate of the reaction doubles when 
the concentration oi A doubles, pro- 
vided the concentration of B is constant, 
To what order does A enter into the 
rate expression? 


a«»PUA«P«««p«U«mit»B«p«J|piiiiaPJiAPap|ip»«aPp«iM*«««« 
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A-47 


rate a [A] “A 
rate = 1 when A = 1 
rate = 2 when A = 2 


2 a [2]”A 
1 a [1]^A 


2 = [2]^A 


Therefore, n^ = 1, first order. 


A-48 rate a 

rate = 1 when B = 1 
rate = 4 when B = 2 

4 = [2]*'b 

ng = 2, second order. 



A>49 rate = k [A] [B]^ 


A-50 rate = k [A]^ [B]^ 

rate will increase by a factor of 16. 


A-51 rate = k[A]"A 

, 2 fArl*^A(2)"B 

*> 1 ■; * [A]«r(T)«B' 

2 => 2”B ng 

,, 16 .*[ 2 ]”A( 2 ) 


16 = 2"A(j) 6 - 2”A 

B 3 rate ■ k [A]* [Bl* 
B k [A]* [B] 


Q-48 


Q-49 


Q-50 


1 Q-51 


Q-52 


For the chemical reaction A + B - C, 
the rate of the reaction quadruples when 
the concentration of B doubles, pro- 
vided the concentration of A is constant. 
To what order does B enter into the 
rate expression? 


Assuming that the order of reaction for 
A is one and B is two for the reaction 
A + B - C, and the rate of the reaction 
increases by a factor of 8 when the con- 
centration of both A and B are doubled, 
write the rate expression for this re- 
action 


For the reaction A + B - D, it is found 
that the order of A is two and the order 
of B is two in the rate expression By 
what factor will the rate increase when 
the concentration of both A and B are 
doubled? 


For the chemical reaction A + B -*• E, 
the following rate data were found: 

a) rate doubles when concentration of 
B is doubled with concentration of 
A remaining the same; 

b) rate increases by a factor of 16 when 
both the concentration of A and B 
are doubled. 

What is the rate expression for this re- 
action? 


For the chemical reaction A + B -*• F, 
the following rate data were found; 


initial rate 

initial cone. 

initial cone. 

(mole/C -sec) 

A{mole/f ) 

B{mole/l) 

0.02 

0.5 

0.5 

0.08 

1.0 

0.5 

0.18 

1.0 

l.O 


Find the rate expression from this data. 


S WWW 
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A-52 rate = k 
0 08 = -kd 

0.02 = 4e(0 5)’^A^^B 

4 = 2^A = 2 

0 16 = (1 0)*^^ 

0 08 = (0 5)^B 

2 = {2)''B ng = 1 

Therefore, rate = k [A]^ [B] 


A-53 rate = k [Af^ [B]^B 
0 90 = 4fr (6 0)^A (^)"B 
0 10 = -k- (2 0)^A (5-^)nB 
9 = (3)^A = 2 

0 90 = 46(4-»)^(6 0)^B 

0 90 =-fe(4-0-)2(3,o)^B 

1 = (2)''B ng = 0 [B]« = l 

Therefore, rate = k[A]^ 


A- 54 Pick any two intervals and determine 
the rate 


rate 

(mole/£ -hr) 

0 0896 ^ 0 1039 
3 15 


0.0859 - 0.0896 
4.10 - 3 15 


average cone. 
(mole/jg ) 

0 0967 
0.0878 


rate = -k [(CH 3 ) 3 CBr]"A (HjOI’^B 


-0 0143 
3.15 


= -lf(0 0967)”^[H20]"® 


- - 09 - 5 - = -te(0.0878)'^AfH2OJ^B 
0 00454 _ (0.0967)"A 

1.16 = 1.10"A OA = 1 
Therefore, (CH 3 ) 3 CBr is first order. 


i Q-53 



For the chemical reaction A + B - G, 
the following rate data were found 


initial rate 
(mole/£ -sec) 

0 10 
0 90 
0 90 


initial cone 
A (mole/-£ ) 


initial cone 
B(mole/j2) 


2 0 

3 0 

6 0 

3 0 

6 0 

6 0 


Find the rate expression fiom these data 


The concentration of tert-butyl bromide 
as a function of time for the reaction 


(CH3)3CBr + 

H 2 O - (CH3)3C0H + HBr 

at 25°C is given in the table below. 

time 

cone of (CH 3 ) 3 CBr 

(hr ) 

(mole/J?) 

0 

0 1039 

3 15 

0.0896 

4 10 

0.0859 

6.20 

0.0776 

8.20 

0 0701 

10.0 

0 0639 

13 5 

0 0529 


What IS the order of (CH 3 ) 3 CBr in the 
rate expression? (HjO is a solvent. Its 
concentration remains approximately 
the same. ) 


j Q-55 The following table gives the rates of a 
j reaction between A and B, for various 

: concentrations of both A and B. Deduce 

i the order of each reactant and the rate 

■ constant k. 



initial cone. 

initial cone 



lA] 

|B1 

-initial rate 


(mole/f ) 

(mole/«) 

(mole^f -sec) 


2.3 X iO-'* 

3 1 X 10“® 

5.2 X 10"* 


4.6 X 10-< 

6.2 X 10-® 

4.16 X 10“=* 

1 

9 2 X 10-* 

6.2 X 10"® 

1.664 X 10“2 


: 


K 
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A- 55 rate = -k [Aj'^A 

-4 16 X IQ-^ = -k(4 6 X 10-'t)^A( 6 - a x 


-1 66 X 10-2 = -k(9 2 X 10-‘*)^A(^ 8 ^ - io-5 )^I 
0 25 = 0 50"A = 2 

-5 2x 10-^ = -te(2 3 X 10-^)2(3 1 x 10-5)^B 
-4 16x10-2 = -fe(4 6x 10-‘‘)2(6 2 x 10-5)nB 

0 125 = (1/4)(1/2)"B ng = 1 

rate = -k [A]^ [B]* 

-5 2 X 10-^ = -k(2 3 X 10-‘)2(3.1 x lO'S) 
k = 3.2 X 10® £2/niole2-sec 


Q-56 The following results have been obtained 
for the reaction between triethylamine, 
(CH3CH2)3N, and methyl iodide, CH3I, in 
nitrobenzene solution 


initial cone initial cone 
-initial rate f(CH3CH2)3N] [CH3I] 
(mole/jg -sec) (mole/jg ) (mole/i ) 

1 0 X 10-2 0 02 0 02 

2 0 X 10-2 0 02 0 04 

1 0 X 10-2 Q 01 0 04 

What IS the rate expression and the rate 

constant for this reaction? 


A-56 rate = -k [(CH3CH2)3N]'^A 

-1 0 X 10-2 _ _fe(.e_Qg)nA(o o2)^B 


-2 0 X 10-2 .i5(Q_e^)nA(o 04)^B 

1/2 = (1/2)’^B ng =- 1 
-2.0 X 10-2 -lt(0 02 )"A(o^) 


-1 0 X 10-2 4fc(o.oi)nA(o-94^ 

2 0 = (2)”A = 1 

rate = -k [(CH3CH2)3N] fCHsI] 

-1 0 X 10"2mole . . (0.02mole)(0 02 mole) 
je-sec “ ■ £ £ 


1 0 X 10-2 

(0.02)2 


- k = 2 5 X 10^ £/mole-sec 


Rate esqpreesion for the ohai^t fat fw 
eejitration ctf B in fite re«eta«at' * 

A + B-C+D '■ 

would be , 

rrti - -k [Af A ; 

mi^e B 



S-7 The sum of the orders of each of the various components in a reaction is called the order ^ 
the reaction. 


Q-57 What is the order of the reaction which 
has the rate expression 

rate = k [A] fB] ? 


A- 57 nA = 1 = 1 

nT = Ha + Ub - 1 + 1 = 2 
second order 


Q- 58 What is the order of the reaction which 
has the rate expression 

rate = k [A] [B]* ? 


A-58 nA = I 

third order 


= 2 


n-j. = 3 


Q-59 What is the order of the reaction which 
has the rate expression 

rate = k [A]2 [Bp ? 


A-59 Ha = ! ng = I 

second order 


Q-60 What is the order of the reaction which 
has the rate expression 

rate = k [Aji [B]-‘ ? 
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A-60 n^ = I ng = -1 n-r = i 

one half order 


A-61 rate = k [Aj’^A [b] "B [C]^C 

2 _ -*5(2 f A 

1 " -fc(l)^A [^“C 

2 = 2“A nA = 1 

4 _ -fe [-A-I^A {2)*'B 
1 " -It [-A] "A (l)nB [4fC 

4 = 2”B ng = 2 

1 ■ -fe [A-I^A j-^^B (2)^C 
1 " -fe [A-]^A [•©•jnB (l)nc 

1 = 2*^C nc « 0 


Q-61 


Q-62 


l 


I 

! 

! 


For the chemical reaction 
A + B + C "*■ D , 

it was found that doubling the concentra- 
tion of A doubles the rate, doubling the 
concentration of B quadruples the rate, 
and doubling the concentration of C has 
no effect on the rate What is the rate 
expression, the order of each component, 
and the order of the reaction? 


For the chemical reaction 
A + B + C - E 

it was found that the rate of the reaction 
doubled when the concentration of B was 
doubled, that the rate doubled when the 
concentrations of both A and B were 
doubled, and quadrupled when the con- 
centrations of both B and C were 
doubled What is the rate expression, 
the order of each component, and the 
order of the reaction? 


rate s k [A] [B]^ I 

reaction order = l+ 2 + 0= 3 I 

i 

A-62 rate = k [A]^A [c]*^C 

2 , -k-fAfA (2)|^B 

1 ‘■fe fA]'^A (D^B \^fC 

2 = (2)*^B ^B * ^ 

2 _ 46(2)“A (2)1 

1 " ay 

2 = (2)*^A (2)j la 2^A. a 0 
4 4t [Ar]^A (2)1 (2)''C 

I = 

4 X (2) (2)'^C nc « 1 

rate = k [B] [C] 

reaction order = 0 + l + l*2 


Q-63 For the chemical reaction 
A + 2B - C 

it has been found that the rate of the re- 
action increased by a factor of 2.82 when 
the concentration of A doubled and in- 
creased by 9 when the concentration of 
B was tripled. What is the rate expres- 
sion, the order of etch component, and 
the order of the reaction? 
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A-63 rate = k [A]^A [b]^B 

2.82 _ M2f^ 

1 ~ 46(1 f A 

2.82 = (2)^A 

log 2.82 = n^dog 2) 

„ . _ log 2.82 _ 0.4502 
^A - log 2 ■ 5.3010 " 

9 _ 4t[A]'^A (3)^B 
1 “ 4tfAr]‘^A (D^B 
9 = (3)’^B ^ ng = 2 

rate = k[A]®[B]* 

reaction order = 3/2 + 2 = 7/2 


A-64 rate = -k [r] [OCl“] [OH"] 

Let r = A, ocr = B, OH’ = c. 

-1 75 X 10-^ = -k{0.002)^Am^)”B(4^)"C 


-8 75 X 10-5 = 4t(o.OOl)"A(0;^)nB(4:ee-rC 
2 = 2*'A =* nj- * 1 

-8.75 X 10-* = -4i(W»ai)(0.002)”B(i^)nc 


-4.37 X 10-5 = -k(MW)(0.001)^B(i,OO)nc 

2 » 2*^8 ng = iiQci- = 1 

-4.37 X 10-* »-kMW-)dW04-)(1.00)*^C 


-8.75 X 10-5 a-4i(0,«ai)(9,OW)(0.50rC 

1/2 » 2^C nc = nQjj- = -1 


rate * 


fOH’] 

order of reaction »1+1-1*1 
-4.37 X 10 “5 mole . (O.OOlJ^moleVje*) 


mJLM 

l.Ox 10- 


ic 1.00 mole/ 

a k » 4,37 X 10^ sec-* 


Q-64 The following data were observed for 
the reaction 

r + ocr = cr + or 

carried out in a basic solution (OH“ 
present). 


-initial rate 
(mole/ £-sec) 
(disappearance 
of ocr) 

initial concentrations 
[I-] [OCI-] [OH-] 

(mole/£) (mole/f) (mole/£) 

1.75 X lO--* 

0 002 

0.002 

1.00 

8 75 X 10-5 

0 001 

0 002 

1 00 

4.37 X 10-5 

0.001 

0.001 

1.00 

8 75 X 10-5 

0.001 

0 001 

0 50 


What is the rate expression, the order 
of the reaction, and the rate constant? 











4^:; 




M'0 









The molecularity of a component in a chemical reaction is the coefficient which appears 
l^fore the component in the lalanced chemical reaction. The molecularity and order a 
component in a chemical reaction can be but are not necessarily die same. 


I Q-65 Give the molecularity of each reactant 
[ in the chemical reaction 

1 Na + 3Ha - 2NH, . 


A-65 ' Hj » 1; Hii - 3 


Q-66 Give the molecularity of «u;h reactant 
in the chemical reacticm 

Oa + C - COa . 
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A -66 

0 , = 1, C = 1 


aaHiChMa 

■ 

■ 

■ 

Q-67 

Give the molecularity of each reactant 



■ 

■ 

11 


in the chemical reaction 




a 

a 

a 

a 

a 

a 

a 

■ 

a 

a 


4N02(g) + 02 (g) -> 2 N 205 (g) 

A-67 

NO 2 =4, Oa = 1 


a 

a 

a 

■ 

a 

a 

Q -68 

For the chemical reaction 




a 

■ 

■ 

■ 


H 2 + l 2 - 2HI , 




a 

■ 

■ 

a 

■ 


the rate expression is given as 




■ 

a 

a 

t 

■ 


rate - k (Hal [I.j 




• 

• 

a 

a 

■ 

a 

a 

a 

a 

a 

a 


What IS the molecularity and order of 
each reactant in the equation? 

A -68 

reactant order 

molecularity 

a 

■ 

< 

a 

a 

a 

Q-69 

For the chemical reaction 


Ha 1 

1 

a 

a 

a 

a 


r + ocr * cr 4 or , 


I 2 1 

1 

a 

a 

a 

a 


the rate expression is given as 




a 

a 

a 

a 


, k [ocrlirl 




a 

a 

a 


10H-| 




a 

a 

a 

a 

a 

a 

a 

a 

« 

a 

a 

a 

a 

a 


What is the molecularity and ordt-i of 
each component which appears in the 
rate expression? 

A-69 

component order 

molecularity 

a 

a 

s 

a 

Q-70 

The decomposition of dimtrogtm pent- 


ocr 1 

1 

a 

a 

a 


oxide, aNaOj - 4N0? ♦ 0;., 


X 

a 

a 

a 


has the rate expression: 


r 1 

1 

a 

a 

a 

a 

a 


rate k j NaO^ j . 


OH" -1 

0 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 


What is the molecularity and t>rder of 
the N 2 O 5 ? 

A-70 molecularity = 2 ; Q-71 For the chemical reaction 


order = 1 


a 

a 

a 

a 

a 

a 

a 

a 

s 


5Br“ + BrOr + 6 H* * SBr^ + ZHtO , 
the rate expression is given as 




a 

a 

a 

a 


rate » k iBr") iBrOa") lH"p 


What is the molecularity and order of 
each reactant? 



S-9 A chemical equation does not reveal the pathway by which a reaction occurs. The reaction 
pathway, called the reaction mechanism , may be clarified from the rate expression and 
other appropriate experimental investigations. The interpretation of a rate expression 
such as, rate = k [A] [B], is that in the reaction mechanism one molecule of A collides with 
one molecule of B to form a molecule of product. This is illustrated by the equation: 
A + B - product. 


thermodynamics and kinetics 


309 



Q-72 


A-72 A + A -<■ product 


Q-73 


Write the equation for the reaction ex- 
pressed by the rate expression 

rate = k [A]^ 


Write the equation for the reaction ex- 
pressed by the rate expression 


rate = k [A] fB] 


A-73 A+ 2B 


A + 2B - pioduct 

(One molecule of A collides with two 
molecules of B to form product ) 


Q-74 A chemical reaction may occur m a 
single step or in a sequence of steps 
The sum of tlie sequence of steps must 
add up to the balanced chemical equation 
It has been found experimentally that the 
sequence of steps for a chemical reac- 
tion IS as follows 


What IS the overall chemical equation*? 


A-74 A t A - C 

C t D » D 

2A 4 B - D 


Q-75 


It has been determined experimentally 
that the sequence of steps for a chemical 
reaction is as follows 

1) A 4- B - C 

2) C 4 - B - D 

What IS the overall chemical equation? 


A-75 A t B • C 
C 4 B * D 

A »2B . D 


Q-76 It has been determined experimentally 

that the sequence of steps for a chemical 
reaction is as follows 

1) A + A - D 

2) B 4 - B "*• E 

3) D 4 - E - C 

What is the overall chemical equation? 


A-76 A 4 A • D 
B 4 B • E 
D 4 E » C 
2A 42B * C 


Q-77 It has been determined experimentally 

that the reaction A 4 - B + C -* F occurs 
during the chemical reaction 2A 4- B 4- C 
D. What other steps might occur dur- 
ing the reaction? 


A-77 


2A 4. B + C 
-(A 4 B + C 


D 

JF 

-F 4 D 


or, A 4 F - D 

Therefore, A + B 4 C -*• F 
A 4 F - D 

(It should be kept in mind that this is 
only one possible mechanism. More 
experimental Information is necessary 
to isrove this. ) 


Q-78 It has been determined experimentally 
that the reaction B 4 B ■* C occurs 
during the chemical reaction A 4 2B - D. 
What other steps might occur during the 
reaction? 
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A-78 


B + B C 
C + A - D 


Q-79 In the sequence of steps making up a 
chemical reaction, one step is usually 
slow compared to the other steps This 
is called the rate controlling step and is 
determined from the rate expression. If 
the rate expression for a chemical re- 
action is rate = k [A], what is the rate 
controlling step in the chemical reac- 
tion? 


A-79 A -*■ Q, where Q can be a product or | Q-80 
an intermediate. i 


A reaction proceeds by the following two 
steps: 

A + B - C 
C + B - D . 

Which step is the rate controlling step 
(slow) if the rate expression is 

rate = k [A] [B| 

and what is the overall chemical reac- 
tion? 


A- 80 A + B - C is rate controlling 


A + B 
C + B 


C 

D 


A +2B- D 


Q-81 The rate expression for the chemical 
reaction 


NOj + CO - NO -f COz 


is 


(C is called a very reactive inter- 
mediate.) 


rate = k [CO] [NOjj . 

What is a mechanism for this reaction? 




A-81 NO2 + CO - COz + NO 

This reaction apparently occurs in a 
single step (elementary reaction). 


J 

I Q-82 The rate expression for the chemical 
I reaction 2A + C '• F is 

I rate » k [A] [Cj . 

I What is a possible mechanism for this 

reaction? 




# I## 


A-82 


A + C 
D + A 


D slow 
F fast 


(D is some reactive intermediate. ) 




A-83 A2 F 
F + B - 


slow 

fast 


(F is some reactive intermediate. ) 




Q-83 


The rate expression for the chemical 
reaction A2 + B - C is 

rate » k [Aj] . 

What is a possible mechanism for this 
reaction? 

Q-84 Given the following mechanism for a 
reaction 


A 4 B 
D + A 
F + B 


D slow 
F fast 
C fast , 


write the rate eiqpression and the* overall 
reaction. 
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A -84 rate = k [A] [B] 

j Q -85 

The rate expression for the chemical 

2 A + 2 B C 

1 

a 

a 

reaction A + B + 2 C-*D + Eis 


a 

a 

a 

a 

• 

rate = k [A] [C] . 


a 

a 

a 

What 18 a possible mechanism for this 


! 

a 

a 

I 

a 

reaction? 


I 

A -85 A + C - D + F slow i Q-86 

F + B - G fast i 

G + C E fast i 

tf 

(Many other mechanisms are possible. | 

The correct one can be determined only 
by more experimentation. ) 


The rate expression for the chemical 
reaction 

(CH3)3CI + HzO - (CH 3 ) 3 C 0 H + HI 
is 

rate = k [(CH3)3CI] . 

What is a possible mechanism for this 
reaction? 


A-86 (CH3)jCI-(CH 3)3C'^ +r slow 

(CH3)3C + HjO - (CHjjaCOH + H fast 

H ■*■ + r - HI fast 1 

i 

1 

1 

1 

1 

! 

- -i 

Q -87 The rate expression for the chemical 

1 reaction 2NO2CI *- 2NO2 + Clj 

1 is given as 

1 rate = k [NOjCl] 

1 What is a possible mechanism for this 

reaction? Give the rate controlling 
(slow) step. 

A -87 NO2CI ^ NO2 + Cl slow 

1 Q-88 If the rate expression for the chemical 

NO2CI + Cl NO2 + CI2 fast 

1 reaction 2 NO + CI2 2 NOC 1 


is given as 


rate = k [NO]^ [CI2] , 

1 

what is a possible mechanism for this 

1 

reaction? 




A-88 2 NO + Cli - 2 NOC 1 slow 


A -89 rate - k ((CH,)|CC 1 ] 

(CH|),CC 1 + OH " - (CH,)jCOH + Cl 


r 

Q -89 The following mechanism has been pro- 
posed for a chemical reaction; 

(CH8)sCa (CH3 )jC+ + Cl “ slow 

(CHj) 8C’^ +OH" -(CH8)3C0H fast. 

Write the rate expression and the overall 
reaction 

I 

I 


Q-90 




I 

1 


The following mechanism has been pro- 
posed for the addition of HCl to ethylene: 

H'*' +CH2 = CH2--CHsCH 2 slow 

CHjCHj + cr - CH3-CH2CI fast. 

Write the rate expression and the overall 
reaction. 
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A -90 rate = k [H [CH2 =CH2] 

H ^ + CH2=CH2 + Cl " - CH3CH2CI 


R The slew step in a chemical reaction is 
called the rate controlling, or mte de- 
termining, step. This step can be de- 
termined from the rate expression. 

A + A C slow rate ■ k[A]* 
C + B ^ D fast 


2A + B - D overall reaction 
(C is called an intermediate. ) 


S-10 According to the kinetic molecular theory, molecules move randomly with a high velocity 
resulting in many collisions with each other. These collisions result in reactions between 
molecules provided that the colliding molecules have enough energy to cause the 1 eaetion to 
take place and the collisions are properly oriented. The energy needed to cause the reaction 
to take place is called the activation energy 


Q-91 Account for the fact that rate constants 
for tliird order 1 eactions are less than 
those foi second order reactions 


A-91 There is a greater probability for two 
molecules to collide than there is for 
three molecules to collide simultane- 
ously 

A-92 Increase in temperature causes more 
molecules to have a higher velocity. 



Q-92 As the temperature is increased, what 
happens to the velocity of molecules'^ 


Q-93 As the velocity of the molecuies is in- 
creased, what happims to the en<»rgy of 
the molecules '(* 






A-93 kinetic energy a T 
kinetic energy a 
Therefore, energy increases. 

A-94 The number of collisions per second 
increases. 


Q-94 As the velocity of the moleeulea increasrs 
what happens to the numtH*r of coHisians 
which a molecule makes pei second? 


Q-95 The minimum energy necessary to cause 
colliding molecules to undergo a spi‘cific 
reaction is called the energy of activa- 
tion, Ea- As temperature increases, 
will the number of collisions with energy 
equal to or greater than the energy of 
activation increase or decrease? 






thermodynamics and kinetics 


313 


A-95 Increase The colliding molecules 
have a greater kinetic energy 


Q-96 Would you expect a reaction to go faster 
or slower at a higher temperature? Why^ 
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A-99 The rate constants at two or more 
different temperatures 


Q-lOO 


A-lOO at Ti ln(ki) = ln(A) - (Ea/RTi) 

at T 2 ln(k 2 ) = ln(A) - (Ea/RT 2 ) 

Subtracting the first equation from the 
second gives 

(kz) _ (1 


Q-101 


In 


(ki) 


■1 


J. 

T2 


X. 1 (RTtT2) 

(T? - Ti) 

(Ino = 23 logio) 


Show by use of mathematical equations 
how the energy of activation can be cal- 
culated from a knowledge of the rate 
constant at two tempeiatures 


The reaction of hexaaquochromium ion 
(in) and thiocyanate ion to form a com- 
plex ion, 

Cr(OH2)6+3 + SCN- - Cr(OH2)5NCS+2 + HjO 

is governed by the rate law 

rate = k [Cr(OH 2 ) 6 ^® 1 fSCN“J 

The value of k is 2 0 x 10"® £''mole-sec 
at and 2 2 X 10"® f/mole-sec at 
30° C What is the value of E^’ 

(R = 1 99 cal/mole-deg) 


■y 


A-101 


Ea 


Ea 

Ea 


'RT 1 T 2 \ 

tT2 - tJ 


In 


(ki) 


(1 99cal)(287“)(303°) 2 2x10“® 

(mole-deg ){16°) 2 0x10"® 


(1 99)(287°)(303°) 
16° 


(2 3)log 


2 2x10"® 
2.0x10"® 


Q-102 In many elementary books, one finds the 
generalization that a 10' increase in 
temperature causes rates of reactions to 
double Applied to a reaction at 295 K , 
what energy of activation does tins cor- 
respond to? 

(Ti = 295‘’K, T 2 = 305' K) 


Ea = 26,000 cal/mole 


Ea 


A-102 


Ea 


Ea 

Ea 

Ea 


26,000 cal I 1 kcal ^ 26 kcal | 
mole I 1000 cal " mole j 

i 


_ 2 3RTiT2 ,_(k2) 
■ T2 - Ti ^ (ki) 


(2 3)(1 99)(295°)(305°)log2 


= 12,000 cal/mole 


12,000 cal 1 

1 kcal 

mole 

1000 cal 


12 kcal 
mole 


j Q-103 In the reaction A + B *0, the potential 
• energy as a function of reaction eoordi- 

i nate is shown below 



; The energy at A + B represents the en- 

j ergy of 1 mole of A and 1 mole of B nml- 

5 ecuies. The energy at C represents the 

j energy of 1 mole of C molecules. £« 

! called the activation energy. The activa- 

\ tion energy is the difference in energy 

5 between the energy of the activated com- 

• plex and the average energy of the re- 

I acting molecules. From the diagram, 

I estimate the value for and the- value 

; for AE of the reaction, 

i 

I (Hint: AE = Eproduct - Ereactant) 
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A-103 = 28 - 6 = 22 kcal/mole 

AE = Ep - Ej. 

= 11 - 6 = 5 kcal/mole 


5 Q-104 In the reaction A + B-^C+Dthe poten- 


tial energy as a function of reaction 
coordinate is shown below 



reaction coordinate — >■ 


From the diagram, estimate the value 
for Eg and the value for AE of the re- 
action 


A-104 Eg = 42 - 8 = 34 kcal/mole 
AE = Ep - Er 

= 4 - 8 = -4 kcal/mole 


Q-105 In the reaction A -B, the potential 

energy as a function of reaction coordi- 
nate IS shown below 


25 
20 
1C 

energy 
(kcal) 

(mole) 10 

5 
0 

reaction coordinate — 




Indicate on the diagram the energy of 
the reactant, the product, the activation 
energy, and AE for the reaction. 


Q-106 In the reaction A -*■ C, the potential 
energy of A and C are 15 kcal/mole 
and 25 kcal/mole, respectively. Draw 
a diagram to illustrate the potential 
energy as a function of reaction coordi- 
nate The activation energy for this 
reaction is 15 kcal/mole. 
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A-107 forward 

= 25 - 10 = 15kcal/mole 
AE = 4 - 10 = -6 kcal/mole 

reverse: 

Ea = 25 - 4 = 21 kcal/mole 
AE = 10 - 4 = +6 kcal/mole 


Q-107 In the reaction A - D, the potential 

energy as a function of reaction coordi- 
nate IS shown below. 

25 

20 

15 

energy 
(kcal) 

(mole) 10 

5 

0 

reaction coordinate — >- 

Give the for the forward reaction, 

Ea for the reverse reaction, AE for the 
forward reaction and AE for the reverse 
reaction. 


Q~108 As the temperature is increased, what 
happens to the average kinetic energy 
of a molecule? 



a 

a 

a 


3 

« 

a 

3 


A- 108 Increases 


Q-109 If the average kinetic energy increases 
as the temperature increases, what can 
be said about the fraction of molecules 
with kinetic energy greater than the 
activation energy? 


A-109 The fraction increases. 


Q-110 Below is a graph of fraction of molecules 
vs. energy: 


fraction 



0 5 to 15 20 26 

energy Ikcet/mole) 


If the activation energy is 20 kcal/mole, 
show on the diagram that the fraction of 
molecules with energy greater than the 
activation energy is larger at higher 
temperatures. 
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A-110 


fraction 



Q-111 What happens to the rate of a chemical 
reaction as the temperature is increased 
(answer in terms of the kinetic molecu- 
lar theory)'!’ 


energy (kcal/mole) 

Area darkened under T 2 curve is 
greater than area darkened under Tj 
curve 


A-111 Increases As temperature increases 
the average kinetic energy increases, 
causing more molecules to have an 
energy greater than the activation en- 
ergy. This results in more molecules 
crossing over the potential energy 
barrier, thus increasing the rate of 
reaction. 


A-112 Increases. Same reasoning as A-111, 
i. e, , the kinetic energy of the product 
is increased as the temperature is in- 
creased 


Q-112 What happens to the rate of the reverse 

reaction as the temperature is increased? 


Q-113 What is the AE for the reaction A + B ■* C 
where the mechanism involves several 
kinetic steps ? The potential energy dia- 
gram for such a sitintion might look like 





A-113 AE = Ep - Er 

= 10 - 6 = 4 kcal/mole 


Q-114 What can you say about the existence of 
A if the potential energy diagram for 
the reaction A B looks like 


energy 


3 
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A-114 A would not exist because it would 
spontaneously react to form B since 
no energy of activation is required 


Q-115 In a multistep reaction such as 

A + B - Q 
Q - C 

the potential energy diagram looks like 


energy 

(kcal) 

(mole) 



reaction coordinate *■ 


What IS for the reaction Q *■ C’ 


A-115 Ea 


= 24 ~ 21 = 3 kcal/mole 


Q 


A- 116 Q -► C would be the faster since the 

activation energy is less for this step. 


Q 


A- 117 Decreases; a change in rate is analogous 
to saying there is a change in E^- 


Q 


-116 In the reaction represented in Q-115, 
which step in the reaction would be die 
faster, A + B- QorQ - C? 


-117 Sometimes the mechanism of a reaction 
can be changed by introduction of a 
catalyst A catalyst is a material which 
increases the rate of a chemical reaction 
without itself being used up. If a catalyst 
increases the rate of a chemical reaction, 
what happens to the activation en£*rgy*^ 


-118 The reaction A + B * C is very slow 
By use of a catalyst (D) the production 
of C can be greatly accelerated. The 
reaction mechanism now involves two 
steps: 


A + D •* AD 
B + AD • C 4 D . 


A-118 


Draw a potential energy diagram to il- 
lustrate this reaction with and without a 
catalyst. 



Q-119 Given the following two mechanisms, 
one with a catalyst, the other without: 

1) A + B - C slow 
C + B - F + A fast 

2) B + B - P slow , 

Which mechanism uses the catalyst and 
what is it? 


The activation energy for the catalyzed 
reaction is lower. 
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A-119 


1 ) 


uses the catalyst and it is A 


Q-120 


For the chemical reaction 


Overall reaction 

A + 2B - F + A 

A + B -<■ C slow 

A + B C fS-st 

(D) 

(the second reaction being the catalyzed 
reaction), propose a mechanism using 
catalyst D 

A-120 1) A + D - F 

F + B - C + D 

or 

2) B + D - G 

G + A- C +D 

Q-121 The mechanism for the overall reaction 

A2 + B - D 
is 

A 2 — 2A slow 

2A + B - C fast . 

If a catalyst D changes the mechanism to 

A 2 + D — A 2 D slow 

A 2 D - 2A + D fast 

2A + B - C , 

what IS the rate expression for the re- 
action With and without a catalyst^ 

A-121 without rate =k[A 2 ] 

with. rate =k’[A 2 ] [D] 

Q-122 When using a catalyst, why does the 

energy of the activated complex change? 

A-122 A new mechanism takes place which 

gives rise to a different activated com- 
plex 

Q-123 Below 
tion w 

E 

IS an energy diagram for a reac- 
ith and without a catalyst* 

/C ^\(a) 

J (b) ^ 

reaction coordinate — 

Which path is used when the catalyst is 
used? Why will the reaction occur by 
this path? 
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PART III: Introduction to Equilibrium 


S-l The previous two parts introduced the factors which determine whether a chemical reaction 
will occur, how the reactants combine to form products, and the rate at which the reaction 
will take place In this part, concepts will be developed which will allow the detei niination 
of the extent to which a reaction will take place 

Consider the reaction A + B ss C + D The double arrows indicate thatwhile A and B react 
to form C and D, C and D also react to form A and B This is called a i eversible reaction 


Q-1 In a reversible reaction such as 
A == B , 

A can react to form B and B can react 
to form A Given that the forward re- 
action IS first order with respect to A 
and the reverse leaction is first older 
with respect to B, write the rate expres- 
sion for the forward and leveise reac- 
tions. 


A-1 forward rate(f) = kf[A] 
reverse rate(i.) = kj.[B] 

(kf and k^, are rarely the same ) 


A-2 forward rate^^j = kf[A]^ 

reverse rate^j,) = kj.[C] [D] 


Q-2 The following reaction takes place by a 
one step process in each direction’ 

2A C 1 D . 

Give the rate expressions for the for- 
ward and reverse reactions. 


Q-3 The reaction A B is allowed to pro- 
ceed for a long pi'nod of time, On 
periodic analysis of the mixture, it is 
found that the reaction finally reaches a 
point where the concentration of A and 
B do not change. This reaction is said 
to have reached etjuilibrium. What can 
be said about the rates of the forward 
and reverse reactions at this time? 


A-3 






The forward rate must equal the re- 
verse rate, rate^fj = • 


Q-4 


Using the rate expression for the rever- 
sible reaction A * B as 

ratej,, = k,|A] 

rate^j.^ kj,(B) , 

express the ratio kj/kj, in terms of con- 
centration of the reactant and product at 
equilibrium. 


A-4 rate^j^ = rate^^.^ 
k,[A] = kJB] 

h = [ 2 ] 

kr [A] 






Q-5 Since the ratio of kj/kj. is always a con- 
stant, what can be said about the ratio 
of concentration of B to A when equi- 
librium is obtained? 
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[B]/[A] IS always the same and equals 
a constant, K, called the equilibrium 
constant 


Will the ratio [B]/[A] remain constant 
with temperature changes'? Why? 


No, the rate constants for the forward 
and reverse reactions change with 
temperature and not always to the same 
extent 


Write the rate expression for the forward 
and reverse reaction for the decomposi- 
tion of hydrogen iodide, 

2HI Hz + I 2 , 

assuming that the order of each compo- 
nent is the same as its molecularity 


A-7 forward rate^f) = k£[HI]^ 

reverse rate^^,) = kj-fHz] fiz] 


At equilibrium, rate^jj = rate^^) 

kf [Hip = k^lHz] [Iz] 

iHzl \h\ _ ii „ 


Derive an expression for the equilibrium 
constant in terms of the forward and 
reverse rate constants for the reaction 

2HI Hz + I 2 . 


In view of the answers for Q-5 and Q-8, 
define the equilibrium constant for the 
reaction 

reactants ^ products 

in terms of the concentration of re- 
actants and products 


A-10 


[productj] fproductz] etc 

‘■eq- “ [reactantil (reactantz] . etc 


. „1£L[£!! 

" (Al^ fBl^ 


Q-10 Write the equilibrium constant for the 
reaction 

2A + 3B 4C + 2D . 


v v,/ .. 


.'r ^v- 


■ 

'':V. '■ ‘ 


LeChatelier's rule states that when stress is put on an equilibrated system, the system will 
re-equilibrate in an effort to minimize that stress. Common stresses which can be put on 
a chemical reaction are variations in concentration, pressure, or temperature. 


Q-11 Consider the reaction A + B C + D. 

If equilibrium has been reached and then 
some C IS added to the system, which 
way will the reaction shift? 


A- 11 By adding jC to the system, the rate of 
the reverse reaction increases over the 
rate of the forward reaction. There- 
fore, the reaction is said to have 
shifted to the left (A and B produced 
and D used up. ) 


Q-12 Consider die reaction A + B * C + D. 
If more JB is added to an equilibrated 
system, which way would the reaction 
shift? 


#!«#****«•# 
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A-12 Adding B would increase the rate of 
the forward reaction Thus, more C 
and JD would be produced and the re- 
action would shift to the right 


j 

A-13 The molar volume of all gases is j 

essentially the same (1 mole of gas j 
= 22 4 f at STP) Since two moles of j 
reactants combine to form only one > 

mole of product, the increase in pres- ■ 
sure can be mmimized by forming j 

more C Thus, the reaction will shift i 
to the right j 


A- 14 The reaction will remain essentially 
the same because two moles of re- 
actants produce two moles of product 
and the total molar volume on both 
sides of the equation is the same 


A-15 The reaction will shift to the right, 

1 e , more product (C, D) will be 
formed The total molar volumes of 
reactants is less than the total molar 
volume of products Therefore, as 
total pressure is decreased, the re- 
action will equilibrate in such a way as 
to increase volume 


Q-13 Consider the reaction A + B 5= C in 

which reactants and products are gase- 
ous The pressure on the system is 
increased, e g , by reducing the volume 
of the system How can the system 
minimize this stress? 


Q-14 Consider the gaseous equilibrium 

A + B C + D Which way will the 
reaction shift if pressure is decreased? 


Q-15 Consider the gaseous equilibrium 

A + B 2C + D. Which way will the 
reaction shift if the pressure on the 
system is decreased? 


Q-16 Consider the following system in equi- 
librium, A + B = C + D, in which AH 
is negative, i. e. , an exothermic reac- 
tion (gives off heat). E heat is added to 
this system, which direction will the 
reaction shift? 


A-16 


By adding heat, a product is added to 
the right hand side of the equation, 
causing the rate of the reverse reaction 
to increase over the rate of the forward 
reaction More reactants (A, B) will be 
formed and the reaction wiirshlft to 
the left. 




A-17 


In this reaction, heat is a reactant 
(the reaction needs heat to take place). 
By adding more heat, a reactant is 
being added; therefore, more product 
will be produced and the reaction will 
be shifted to the ri^t. 




A-18 


K -i£M -1 

^ ' [A] [B] ■ 

Therefore, [C] [D] = [A] [B] 






Q-n 


Consider the reaction E + F • G, in 
which AH is positive. If this endo - 
thermic reaction (reaction which takes 
up heat) is allowed to come to equilib- 
rium at 25“ and is then heated to 30", 
which way will the reaction shift? 






Q-18 For the reaction A + B ■*>' C ^ D, the 

equilibrium constant is I, What can you 
say about the numerator and denominator 
of the equilibrium expression? 


Q-19 H the Kgq in the preceding problem 
had been 10"*, which term would be 
larger, [C] [D], or [A] [B]? 
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,, [C] [D] 

“ [A] [B] ■ 

Therefore, [A] [B] must be 100 times 
larger than [C] [D] 

Q-20 Consider the two reactions 

A + B=*C Keq = lx lO'^ 

E + F s: G Kgq = 1 X 10"^ 

Which reaction goes further to comple- 
tion, 1 e , converts the larger percent 
of starting material to product"? 

The ratio is much larger than 

[A] [B] 

the ratio — Therefore, 

WT*T 

A + B ^ C goes further toward com- 
pletion. 

Q-21 For the reaction N + M ^ 0 + P, the 
equilibrium constant is 10 Would 

you expect much 0 to be formed when 
mixing N and M"? Why"? 

No, the ratio ^^3 ^^3 is lO-^-* , 

[N] [M] 

therefore, very little N and M would 
be converted to 0 

Q-22 Consider the reaction A + B C + D 

If, at equilibrium, the concentration of 

A = 0 5, B=0 7, C = 0.9, and D = 1,1 
^11 concentrations in mole per liter), 
what IS the value of the equilibrium con- 
stant"? What units will the equilibrium 
constant have ? 

A-22 (C|ID| (0.9) (11) 

■ fAKB] (0.5) (0 7) (no'unlts) 

Q-23 Consider the reaction A + B * C At 

equilibrium [A] = 1.6 x 10"^, fB] =5.2x10"^, 
and [C] = 6.0 X 10“® (f ] means mole per 
liter) What is the value of Kgq? What 
units will the constant have ? 
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g_3 The etjuilibnum constant gives the extent to which a reaction takes place The change in 
free energy, AG“, also gives the extent to which a leaction goes to completion The larger 
the negative value for free energy, the greatei will be tlic degiec to which the leaction 
takes place Since AG° and K are both related to extent of reaction, they should be related 
to one another The relationship is expressed as 

AG“ = -RT(2 3) log Keq 

where R is the gas constant in calories/deg (1 99), and T is the absolute temperature 


Q-26 For the decomposition of gaseous hydro- 
gen peroxide accoi ding to the reaction 

HzOaCg) - f , 

AG® = -29.9 kcal What is the value of 
the equilibrium constant for this leaction 
at 298® K? 


A-26 AG® = -RT(2 3) logK 


eq 

_ (29 9 kcal)(100Q cal/kcal) 
(1 99 cal/deg)(2.3)(298®) 
= 7 9 X 1021 


Q-27 


log Keq 

Kgq 

Thus, a negative AG® corresponds to a 
large equilibrium constant 


When gaseous ozone, O3, is formed 
from molecular oxygen by the reaction 

•'^2(g) '%) - 

the standard fi ce energy change is 
+39.1 kcal. What is the t^juilibrium 
constant of this 1 eaction at 298 K? 


A-27 AG® = -(2 3)RT log K^q 

-(39 1 kcal)(l000 cal/kcal) 
log Keq = (1 99 cal/deg)(2 3)(298°) 

= -28 67 

Kgq = 2 0 X 10-23 

Thus, a large positive standard free 
energy change corresponds to a small 
equilibrium constant This indicates 
that the reaction is spontaneous in the 
reverse direction 


A-28 


Q-28 The equilibrium constant for tlie reaction 
A t B - C » D 

at 25*’ C is 2.0 x lO’®. What is the stan- 
dard free energy change for this reaction 










AG® = -(2 3)RT log Kgq 
AG® = -(2 3)(2 0 cal/deg)(298®)log 2 0 x 10“> 


AG® = -(2 3)(2 0)(298)(10 3) 
AG® = -14, 000 cal 


-14, 000 -eat 

kcal 


1000 -eftl: 


=14 kcal 


Q-29 For the reaction 

A + B • C + D , 

the equilibrium concentration of each 
component is as follows: 

A * 2.0 mole/f 

B = 4,0 mole/f 

C » 8.0 mole/ 1 

D = 7.0 mole/( 

What is the standard free energy value 
for this reaction at 25® C? 
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A-29 


[C] [D] (8 0)(7 0) 

■ [A] [B] " (4 0)(2 0) 


= 70 


Q-30 


AG® = -(2 3)RT log Keq 

AG® = -(2 3)(2 0 cal/deg)(298°)log 7 0 


Derive a relationship between equilib- 
rium constant and standard enthalpy and 
entropy changes. 

(Remember^ AG® = AH® - TAS®) 


AG®- -(2 3)(2 0)(298)(0 845) 
1000 


A-30 


AG® = -1 16 kcal 


AG® = -RT(2 3)log Keq 
AG® = AH® - TAS® 

Set AG® 's equal to each 
-RT(2.3)log Kgq = AH® 
Rearrange to give 
AH® 

log Keq = " RT(2.3) 


Q-31 


other 
- TAS® 


By determining the equilibrium constant 
at various temperatures and plotting on 
a graph, AH® and AS® may be found 
Plots of log Keq 

(a) (b) 



What IS the slope equal to in the graph of 
log Keq 2 


A-31 From the equation of a straight line 
y = ax + b 
a is the slope. 

This can be compared with the equation 

Ar AS® 
log Kgq = - rt{2.3) R(2.3) 


Q-32 What is the y intercept equal to in the 
graph of log Kgq vs. X ? 


Slope Is equal to 


-AH® 
R(2.3) ■ 


Therefore, AH® can be found from the 
slope. 

A-32 y intercept is equal to 

This is the usual way for determining 
the thermodynamic functions experi- 
mentally. 



Q-33 What determines whether the graph in 
Q-31 is drawn as (a) or (b)? 
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Q-34 


Q-35 


If two values of log Kgq are known at 
two different temperatures, 

log at 

loe ^eq(2) Tz ’ 

derive an expression for determining 
AH° from this information 

/XX ,1 ^^2 - Yi) . 


At 298° K, the equilibrium constant and 
AH° for the reaction 


2N02(g) - N 204 (g) 

are 8 8 and -13 9 kcal, respectively 
What IS the value of the equilibrium 
constant at 273" K*? 

(Hint Use equation deiived in A-34 ) 


Q-36 The equilibrium constant for the reaction 

2HI(g) = H2(g) . I2(g) 

is 2.18 X 10’2 at 764" K, and is 
1.64 X 10-2 at 667° K. Find AH" for 
the reaction. 


Q-37 Prepare a plot of the following experi- 
mental data for the reaction 


Nz + O 2 ^ 2NO 


log Kgq 

T 

-2.3 

3.80X 10-< 

-2.4 

4.00X l0-< 

-2.6 

4.15X 10-< 

-2.8 

4.30X 10“< 

-3.0 

4. 55 X 10-< 

-3 2 

4. 80 X 10-* 

-3.4 

5.00 X 10“* 
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Compound AHf(kcal/ mole) Coir 

Al(s) 0 00 CjH 

Al203(s) -399 09 CgH 

Br2(g) 7 34 

Br2(£) 0 00 CeH, 

Ca(s) 0, 00 CeH 

C(g) 171 70 CgH 

^(graphite) ® ^6® 

CaC03(s) -288 45 CH3' 

CaO(s) -151 9 C 2 H 1 

Cl2(g) 0 00 CO(, 

CH4(g) -17 89 CO 2 , 

C2H2(g) 54 19 H2(g 

C 2 H 4 (g) 12 50 HBr 

C2He(g) -20 24 HCl, 

C3H6(g) 4 88 HI(g 

C3H8(g) -24 82 H2O, 

C4Hio(g) -29 81 H2O1 

From Selected Values of Chemical Thermodynamic 


TABLE 1 

STANDARD HEATS OF FORMATION, 
lie) Compound AHf (kcal/mole) 

-35 00 


AH| 

Compound 
H202(je) 

-41 36 l2(g) 14.88 

19 82 l2(s) 0 00 

11 72 N2(g) 0 00 

-9 96 NH3(g) -11 04 

-39 96 N20(g) 19.49 

-47 52 NO(g) 21.60 

-48 08 N02(g) 8 09 

-56 63 N204(g) 2 31 

-26 42 02(g) 0.00 

-94 05 03(g) 34.0 

0 00 S(s) 0.00 

-8.66 Si(s) 0.00 

-22 06 Si02(s) -205.4 

6 20 S02(g) -70 96 

-57. 80 S03(g) -94. 45 

-68.32 

les, ed F A Rossini, et. al., National Bureau of Standards Circular 500 


AH^ (kcal/ mole) 
-44 88 
14.88 
0 00 
0 00 
-11 04 
19.49 
21.60 
8 09 
2 31 
0.00 
34.0 
0.00 
0.00 
-205.4 
-70 96 
-94. 45 


TABLE n 

STANDARD ENTROPIES, S° 


Compound ! 

3® (cal/mole-deg) 

Compound S° (cal/mole-deg) | 

Compound 

S“ (cal/mole-deg) 

Al(s) 

6.77 

C5Hi2(g) 

83.27 

^2{g) 

62.28 

Al 203 (g) 

12.19 

^6^12 (£) 

62.79 

Ms) 

27.9 

Br 2 (g) 

58.64 

C 6 He(g) 

64 34 

N 2 (g) 

45.77 

Br 2 (je) 

36 4 

CeHe(jg) 

41.30 

NH 3 (g) 

46.01 

^^(s) 

9.95 

C6Hi2(£) 

92.25 

N 20 (g) 

52.58 


37.76 

CgHi^ (g) 

92.45 

NO(g) 

50.34 

C graphite) 

1.37 

^8Hl4(je) 

70. 34 

N 02 (g) 

57.47 

CaC03(s) 

22 2 

CH 30 H(g) 

56.8 

N204(g) 

72.73 

CaO(s) 

9 5 

C 2 H 60 H(g) 

67.4 

02 (g) 

49.00 

Cl2(g) 

53 29 

CO(g) 

47.30 

03 (g) 

56,8 

CH 4 (g) 

44. 50 

C02(g) 

51.06 

Ms) 

7.62 

C 2 H 2 (g) 

48 00 

®2(g) 

31.21 

Si(g) 

4.47 

C2H4(g) 

52 45 

HBr(g) 

47.44 

Si02(g) 

10.00 

C 2 He(g) 

54.85 

HCl(g) 

44.62 

S02(g) 

59.40 

C3H6(g) 

63 80 

®(g) 

49.31 

S 03 (g) 

61.24 

CsHgCg) 

64. 51 

H20(g) 

. 45.11 



C4Hio(g) 

74.10 

H20(£) 

16.72 



From SelTCted Values of Chemical Ttermodynwnic Propwtlos, ed. F. A. Rossini, et. al . National Bureau of Standardi Bfin 
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TABLE in 

STANDARD FREE ENERGY OF FORMATION, AGf 


Compound 

AGf (kcal/mole) 

Compound 

AGf (kcal/ mole) 

Compound 

AGf (kcal/mole) 

Al(s) 

0 00 

C5Hi2(g) 

-1 96 

l 2 (g) 

4 63 

to 

O 

CO 

-376.77 

C5Hi2(jf) 

-2 21 

Ms) 

0.00 

Br 2 (g) 

0 751 

CeHg(g) 

30 99 

N 2 (g) 

0 00 

Br^n) 

0 00 

C6He(£) 

29 76 

NH3(g) 

-3 98 

Ca(s) 

0 00 

^ 6^12 (jf) 

20 80 

N20(g) 

24 76 

^(g) 

160 84 

C6Hi4(g) 

0 05 

NO(g) 

20 72 

^(graphite) 

0 00 


20 80 ' 

N02(g) 

12 39 

CaC 03 (g) 

-269.78 

CH 3 OH 

-38 69 

N 204 (g) 

23 49 

CaO(s) 

-144.4 

C 2 H 50 H(g) 

-40 69 

^ 2 (g) 

0 00 

Cl 2 (g) 

0 00 

CO(g) 

-32 81 

03 (g) 

39.0 

CH 4 (g) 

-12 14 

C02(g) 

-94 26 

S(s) 

0.00 

C 2 H 2 (g) 

50 00 

H 2 (g) 

0 00 

SKs) 

0.00 

C2H4(g) 

16 28 

HBr(g) 

-12 72 

Sl 02 (s) 

-192.4 

^ 2 ^ 6 (g) 

-7 86 

HCl(g) 

-22 77 

S02(g) 

-71 79 

C3He(g) 

14 99 

HI (g) 

0 31 

S03(g) 

-88 52 

C3H8{g) 

-5.61 

H20(g) 

-54 64 



C4Hio(g) 

-3 75 

H 20 (i) 

-56 69 




From Selected Values of Chemical Thermodynamic Properties, ed F A Rossini, et al , National Bureau of Standards Circular 500 


TABLE IV 
BOND ENERGIES 


Bond 

Bond energy 
(kcal/mole) 

Bond 

Bond energy 
(kcal/mole) 

Bond 

Bond energy 
(kcal/ mole) 

Br-Br 

46 

C=0 

173 

N-H 

92 

C-C 

80 

C=0 

256 

N-N 

37 

C = C 

145 

Cl -Cl 

57 

N«N 

225 

CSC 

194 

F-F 

38 

N~0 

150 

C-Cl 

78 

H-Br 

88 

0-H 

109 

C-F 

116 

H-Cl 

103 

0-0 

33 

C-H 

99 

H-F 

135 

0 = 0 

117 

C-N 

70 

H-H 

103 

S-H 

85 

0 

III 

212 

H-I 

71 



C“0 

82 

I-I 

36 




SolMted Values of Chemical Thermodynamic Properties , ed. F. A Rossini, et al , National Bureau of Standards Circular 500 
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Chapter 8 


CHEMICAL EQUILIBRIUM 


Part I Homogeneous and Heterogeneous Equilibrium 

After completing this section you should be able to 

a) understand the qualitative effects of Le Chatelier's rule 

b) calculate the quantitative effect on an equilibrated system of changing pressure or 
concentration 

c) understand the difference between homogeneous and heterogeneous equilibrium 


Part n Application of Equilibrium Theory 

After completing this section you should be able to 

a) understand the difference between strong and weak acids and bases in terms of 
equilibrium constants 

b) understand soluble and insoluble salts in terms of equilibrium constants 

c) calculate the quantitative effect on an equilibrated system caused adding a com- 
mon ion or complexing ion. 


Part III. Acid-Base Titrations 

After completing this section you should be able to 

a) compute the pH at the equivalence point for the titration of a weak acid with a strong 
base and vice versa 

b) understand how indicators are used 

c) determine which indicator should be used for a particular titration 
Part IV' Complex Ions 

After completing this section you should be able to 

a) calculate the equilibrium concentrations of a complex metal ion in a solution con- 
taining metal ions and complexing ligands 

b) calculate the concentration of complexing ligand required to dissolve a quantity of 
insoluble salt 

c) calculate the concentration of complexing ligand required to prevent the precipitation 
of an insoluble salt 


- 331 - 
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PART I: Homogeneous and Heterogeneous Equilibrium 


S-1 When a system is at equilibrium no overall change is obseived However, a reversible le- 
action IS occurring with the rate of the forward reaction equal to the rate of the revei se 
reaction Consider the reaction 

^ + b c_ + d 

The double arrows indicate that while a and b react to form c_ and ^ c and d also react to 
form a and b This is called a reversible reaction The rate at which a and b react to form 
c and d will ~ 

1) increase with increasing concentration of ^ and/or (m fact, the rate is directly 
proportional to the product of the concentration of the reactants), 

2) increase with increasing temperature (many reaction rates will approximately 
double for every 10° increase in temperature) 

For the reaction given above, 

^*®forward reaction ~ 1^ 

^^®reverse reaction ~ 1 

where kf and kj. are proportionality constants called rate constants The brackets ai ound 
a, b, c_ and d indicate that the concentrations of these species are given in moles '^liter. 



Q-1 If a system is at equilibrium, will tlie 
rate of the forward reaction be less 
than, equal to, or greater than the rate 
of the reverse reaction'^ 

A-1 Equal to 

Q-2 Periodic analysis of a mixture at equi- 
librium shows that the concentrations 
of reactants and products remain un- 
changed Does this indicate that the 
chemical reaction has ceased? Explain. 

A-2 No The chemical reaction continues, 
but the rate at which product is formed 

IS just equal to the rate at which prod- 
uct decomposes to reactant 

Q-3 The equilibrium constant for a reaction 
is defined as the ratio of kf to ky. De- 
rive the equilibrium expression for the 
reaction 

2a ^ c + d . 

(Hint: RatefQj,^ 3 ^j.jj = kf[a]®, 

£ and ^ are first order for the reverse 
reaction. ) 

A- 3 At equilibrium 

rate£ = ratej. 

Therefore, 

k( [£] M 
kr' W* 

Q-4 Equilibrium constants vary with tem- 
perature. Explain why a temperature 
change should affect equilibrium. 
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A-4 Increasing the tempei ature will change 
the rate constant of both the forward 
and reverse reaction It is unlikely 
that the effect on rate constants will be 
exactly the same, therefore, Kgq will 
change with temperature 


A- 5 No Kgq is dependent upon kf and kp 

The rate constants are not affected by 
concentrations 


Q-5 The substances ^ b and c are at equi- 
librium according to the equation 

a + b c 

A quantity of c is added to the system 
After equilibrium is reached again, will 
the value of Kgq be different"? Why"? 


(Hint Are rate constants affected by 
concentrations'?) 



S-2 I^ Chatelier's rule states that when a stress is put on an equilibrated system, the system 
will re-equilibrate to minimize that stress Common stresses which affect chemical re- 
actions are variations in concentration, pressure or temperature. For example, in the 
gaseous reaction a + b * c, two molecules combine to give one molecule Increasing the 
pressure of a, b and c puts a stress on the system which can be relieved by reducing the 
number of gas molecules in the system The number of gas molecules is reduced by the 
conversion of a and ^ to c. 

The effect of changing the temperature of an equilibrated system can also be predicted In 
the reaction 

e f, AH = +30 kcal (endothermic) 

energy is absorbed when e is converted to_f Increasing the temperature places a stress on 
the system which can be relieved by converting more e to _f_ (absorbing energy) 



Q-6 

Consider the reaction 



a + b ^ £ + ^ 



If equilibrium has been reached and then 
some c IS added to the system, Le 
Chatelier's rule states that more a and 
b will be formed Will the addition of 
c affect the rate of the forward or the 
reverse reaction? How? 

A-6 The rate of the reverse reaction is in- 
creased when c is added to the system. 

If [c] is increased, the rate must in- 
crease because of the relationship 

Q.7 

Will the addition of c to the system 
a + b *5^ c +1^ 
change Kgq? 

ratepgverse ” f— 1 • 


Will the addition of £ chaise 
[c] [^]/fe] [fe] equilibrium? 

A-7 Kgrt does not change, and the ratio of 
* [Sj HI to [a] [b] must be constant. 

Q.8 

For the system 

a + b * c + d , 

• 1 


how is it possible for the ratio 

[c] [b] to remain constant when 

more els added? 
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A-8 


A-9 


Some of the c added reacts with d to 
increase f^e concentration of a and b 
until the ratio [c] [d]/[a] [b] equals 

^eq 


PV = nRT 
P 


= ^RT 


At constant temperature, RT is a con- 
stant. n/V is concentration expressed 
in moles per unit volume. 


Q-9 


For gaseous reactions, concentrations 
are usually expressed in partial pres- 
Starting with the gas law 


sure 


PV = nRT, show that at constant tem- 
perature, pressure is directly related 
to concentration in moles/liter 


Q-10 For the gaseous reaction 
a + b c + d 

write the equilibrium expression in 
terms of partial pressures 


A-10 (Pc) (Pd) 

% = (Pa) (Pb) 


Q-11 


For the reaction 
a + b — c 


write the expression for Kgq and Kp 
Give the units for Kgq (concentrations 
in mole/liter) and for Kp (pressure in 
atm) 


A-11 


K, 


eq 


[c] mole/ S. 
[a] [b] (mole/£)2 


K, 


eq 

Kp 


[c] £/mole 

[a] [b] 


atm 


Q-12 For the reaction 

d + X -*• K + h 

what are the units for Kgg (concentra- 
tions given in mole/f ) ana for Kp 
(pressure in atm) 


Pa^Pjb (atm)2 
^c, 

P^Pb atm 


A- 12 Kgq is unitless 


Q-13 


K, 


_ [g] [h] (molo/ig )^ 
[d] [X] ^ol e /.C )^ 
Kp IS unitless 


TT - 

■ II ■ - - 

Pd Pf 


Prom the answer given in A-11, and 
the gas law, PV = nRT, derive the re- 
lationship between Kp and Kgq for the 
reaction ^ 

a. + fe. ■* £. 

(Hint: For the gas a, 
n. 


= W .) 


K JMI * « « ■ j| A « « « ja » • k M. M • M « I 


A-13 Pc 


a*T) 


n, 


S _ a 

V rt' 

Therefore, 

Pc = RT[c] 
Pi = RT[a] 
Pb = RT[b] 

[c]RT 


n« 


^ = [a] 
V 


Q-14 For the reaction 

a + k ^ i 

the partial pressures at equilibrium are 
Pa = 0.40 atm, Pjj = 0.30 atm, 

Pc = 0.20 atm, Pd ® 0.10 atm. 
Calculate Kp. 


K„ =. 


[£] 


P ■ [aJRT[b]RT " [a] [b]RT 

Kp = K^q/RT 
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A-14 


TT - (Pfi) 20) (0 10) 

(Pa)(Pb) ’(0 40)(0 30) 


Q-15 Increasing the pressure of a gaseous 
reaction will not change K^q or Kp 
For the reaction given in Q-14, the 
volume IS reduced by one half Will the 
partial pressures of any reactants or 
products change*? Will the ratio 
PpP^/PaPb change*? 




A- 15 If the volume is reduced by one half, 

the partial pressure of each component 
IS doubled 

= 0 80 atm, P^j = 0 60 atm, 

P(, = 0 40 atm, and = 0 20 atm 
The ratio PpP^j/PgPb remains at 0 17. 



Q-16 For the gaseous reaction 
i + £ 

the partial pressures at equilibrium are 

Pg = 0 30 atm, Pf = 0.20 atm and 

P“ = 0 60 atm 
£ 

What is Kp for this reaction? According 
to Le Chatelier's rule, how will increas- 
ing the pressure on the system, by re- 
ducing the volume, affect the equilibrium ? 


A-16 (pj (0 60) 

S ^TPpTPf) "T030)"(ray= 

According to Le Chatelier's rule, in- 
creasing pressure will shift the reaction 
to the right (produce moreg) 

— 

A-17 (Pg) 

S (PgMPf) 

Pg = (10) (0.60) (0.40) = 2 4 atm 
2 times Pg(initial) = 1 2 atm 


Q-17 For the system described in Q-16, the 
volume was reduced When equilibrium 
was re-established, it was found that 
Pg and P|^ were doubled. Show that, in 
accordance with Le Chatelier's rule, 
P^was more than doubled 


Q-18 The reactants c and d are allowed to 
react in a vessel according to the equa- 
tion 

-(g) “(g) -(g) * 

After equilibrium is established, the 
partial pressures were P^ = 0.20 atm, 

Pj = 0.40 atm and P^ = 20 atm 
C^culate KL for this reaction. Accord- 
ing to LeChatelier's rule, how will in- 
creasing the volume of the reaction 
vessel affect this equilibrium? 


■5. 


A-18 For the reaction 

K„ = = ^2.0) 25 atm-i 

(P^(Pd) (0.20) (0.40) 

According to Le Chatelier's rule, in- 
creasing the volume will shift the re- 
action to the left. The reaction which 
produces c and d is favored because 
it increases the number of molecules 
in the system. 


Q-19 Consider the reaction 
a + b =* c 

in which the reactants and products are 
gaseous. The pressure on the system 
is doubled by reducing the volume of the 
system, Le Chatelier's rule states that 
more c will be formed. Give a kinetic 
interpretation of this phenomenon. 
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A-19 


rateforward " ^ [a] [fe] 

ratej.gYgj.gg ~ ^ 


If the volume is reduced so as to double 
the partial pressure of a, b and c, 
then [a] , [b] and [c ] will be doubled 
initially The rate of the forward re- 
action will quadruple while the rate of 
the reverse reaction will only double, 
thus, more c will form 


A- 20 Pumpmg in an inert gas will increase 
the total pressure, but will not change 
the partial pressure of b or c 
Therefore, the concentration of a, b 
or c will not change. 


Q-21 


■C' 


The gaseous system a + b c is in 
equilibrium in a 1 liter vessel Pressure 
IS increased by pumping in an inert gas, 
the volume remains constant Will the 
partial pressure of ^ b and c change ? 
Does the concentration of c change’ 

(Hint Remember Dalton's Law ) 


The gaseous system 
^ ^ 3: jc 

IS in equilibrium in a 1 liter vessel An 
inert gas is pumped into the vessel and 
the vessel is allowed to expand so that 
the initial pressure of the system is 
maintained Does the expansion place a 
stress on the system? How can the 
stress be relieved? 


A-21 Yes As the vessel expands, P^, 
and Pg decrease In order for me 
ratio Pg/P^Pjj to remain constant, the 
partial pressure of c must decrease 
more than the partial pressures of & 
and b. Therefore, some jc must de- 
compose to form a and 


Q-22 For the reaction 

S. + £ + d 

the change in enthalpy (AH) is -10 kcal. 
A negative enthalpy means that the for- 
ward reaction is exothermic (releases 
heat). If heat is added to the system, 
will more a and b form ? 


A- 2 2 More a and ^ will form The rate 
constant for the reverse reaction is 
increased more than the rate constant 
for the forward reaction. This is the 
general case for an exothermic reaction. 


A-23 As temperature changes, the ratio 

kf/kj. changes; therefore, changes 
M temperature changes When con- 
centrations change, the rate constants 
and kj. are unaffected; therefore, 
remains constant The rate of the 


Q-23 For the equilibrated system, 
a + b c. + ^ 

increasing the temperature will cause a 
change in the concentrations of reactants 
and products. Adding more a to the 
equilibrated system causes nTore c and 
d to be form^. Does Kgg change in 
dther of these situations?* Explain. 




k« a 
feq 












forward and reverse reactions change 
with changing concentration but not the 
rate constants. 
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S-3 


The value of an equilibrium constant must be determined from experimental data In Chap- 
ter 7 it was shown how Keq could be evaluated from thermodynamic data The equilibrium 
constant can also be evaluated if the initial concentrations of reactants and products and the 
equilibrium concentration of one component are known For the reaction 

a + b ^ £. + 1 

the initial concentrations of a and b were 1,0 M and 2 0 M respectively The initial con- 
centration of £ and d was zero At equilibrium, the concentration of c was found to be 
0.3M Therefore, at equilibrium 


[a]=10M-03M [b]=20M-03M 

[c] = [d] = 0.3 M 

K = — = 0.08 
(0 7) (1.7) 


Q-24 At room temperature, and b react 
according to the equation 

^ + b £ 

The initial concentrations of a and b 
were made 1.0 M ([c] = 0). At equilib- 
rium, the concentration of c was found 
to be 0 2 M What is the equilibrium 
constant for this reaction*^ 


A-24 At equilibrium 

[c] = 0.2 M 

faj = [b] = l.OM - 0.2M = 0.8 M 


Q-25 The substances d and e are mixed in 
solution and form m and n according 
to the equation 

d + e m + _n_ 

The initial concentrations of d and e 
are 1.00 mole/liter. At equilibrium7 
the concentration of m is 0.90 mole/hter 
What is Kgq for the reaction? 


A-25 At equilibrium 
[ml = [Hi 

m = [Hi 

_MM- 

[4] f£] 


K, 


eq 


= 0.90 M 

= 1.00- 0.90 = 0.10 M 
(0 90) (0.90) _ 

( 0 . 10 ) ( 0 . 10 ) " 


Q-26 Reactants £ and £ form s according to 
the following equation 

£ + r = _s 

The initial concentrations of igL and £ 
were 0.8 and 1.5 mole/liter, respec~ 
tively ([s] =0), At equilibrium the con- 
centration of s was 0 3 mole/liter. 

What is the equilibrium constant for the 
reaction? 

Q-27 For the reaction 

£ + V ^ 2u 

the initial concentration of £ was 
1 0 mole/liter and that of v was 
2.0 mole/liter ([u] =0). At equilibrium 
the vessel contained 0.2 mole/liter of u. 
What is Kgq? 


A-26 At equilibrium 

[s] = 0,3 M 
[gj = 0.8 - 0.3 = 0.5 M 
[l] « 1.5 - 0.3 = 1.2 M 
[8] (0.3) „ _ . , 
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A-27 At equilibrium 

[u ] = 0 2 M 

[t] = 1 0 - 0 1 = 0 9 M (for 
every two moles of u 
formed, 1 mole of t is 
consumed ) 

[y] = 2 0 - 0 1 = 1.9M 
' ( 0 . 2)2 


A-28 At equilibrium 

[d] = 0 2 - 0 1 = 0 1 M 

[e] = 1 2 - 2(0 1) = 1 0 M 

[f] = 0.1 M 

[i] (0 1) ..2/ ,2 

""TlTIir ' (0 1) (10)^ " ^ ^ 


A-29 At equilibrium 

[HB] = (0 100)(0 20) = 0 020M 
[H] = 0.100 - 0 020 = 0 080 M 
[B] = 0.100 - 0 020 = 0 080 M 

^ (O 080)2 =31 i/mole 


Q-28 For the reaction 

d + 2e f 

the initial concentrations of d and e 
were 0 2 mole/liter and 1 2 mole/liter, 
respectively (|X] = 0) At equilibrium, 
the concentration of f was found to be 
0 1 mole/liter What is Kgq for this 
reaction? 


Q-29 A compound, HB, is formed from H 
and B according to the equation 

H + B =* HB 

A solution was prepared by dissolving 
0 100 mole of H and 0 100 mole of B in 
enough water to make the total volume 
equal to one liter After equilibrium 
had been established, it was found that 
20% of H had reacted. What are the 
equilibrium concentrations of H, B and 
HB? What is Kgq for the reaction? 



S-4 If aH the reactants and products of a reaction are in a single phase (i e. , all in the gas 
phase, or all in solution), then concentration factors for all the components appear in the 
equilibrium expression H Kgq and all but one of the concentrations appearing in the equi- 
librium expression are known, then the unknown concentration may be calculated. 


: Q-30 For the reaction 

ft 

; 3: + k ^ > 

ft 

; the equilibrium constant is 1.0 x lO'®. 

; If the concentrations at equilibrium are 

I [a] = 1.0 M, [h] = 2.0Mandfa] =3.0M, 

I what must the concentration of d be? 

j Remember, brackets enclosing a re- 

I actant or product always indicate con- 

; centrations in mole/£ . 

• 

ft 
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A-30 


[c][i] [3Q][d] 

[a] [b] " [1 0] [2 0] 


= 1 0 X ID'S 


Therefore, 

[dl (1 0 X 10-S) (1 0) (2 0) 
" 3 0 

= 6 7x 10-«M 


Q-31 For the reaction 

2a * c + d , 

the equilibrium constant is 1 0 x 10-® 
At equilibrium, the concentrations ob- 
served were 

[c] = 1 2 X 10"^ M 

[d] = 3.8x 10“®M 
What was [a] at equilibrium*? 


A-31 


im] 


= 1 0 X 10-1 


MM = (1 2 10-’) (3 8 X 10-«) _ J 
[l? [ap ' 

fa)! (1-2 X 10~’) (3 8 X lO'*) j 

” ' 10xl0-> I 

= 4 6 X 10"® moleV^^ 

Therefore, i 

[a] = 2 1 X 10"®M i 


A-32 At equilibrium 


[a] = (a"- x) 

where a“ = initial concentration of a 
(1.2 X 10“^ mole/liter). 

Ibl X . 

=izJL = — s i.Ox 10“* 


Q-32 For the reaction 


the equilibrium constant is 1 0 x 10~* at 
60® A solution initially containing 
1 2 X 10“^ mole/liter of a is allowed to 
equilibrate at 60®. WhaUs the equilib- 
rium concentration of b in moles per 
liter? 

(Hint' Let the amount of b formed be 

. mm* 

equal to x, ) 


Q-33 The equilibrium constant for the reaction 
e + b ^ ^ 

is 3.8 X 10“^ at 25® . When a solution 
1.2 X 10"^ molar in e and 1.2 x 10"* 
molar in b is allowed to equilibrate at 
25® C, what is the equilibrium concentra- 
tion of c and d? 


[a] [i® - a) I (Hint. Equations of the form 

LSxV'TTi = 10x10-* i 

^ = 1,2 X 10“* - 1.0 X 10“*(2;) \ are more easily solved by taking square 

a 1 0 V iO’'4W - 1 9 ¥ in-6 ! equation than 

I + 1 . X lu s 1 . ; by use of the quadratic equation. ) 

^ = 1.2 X 10'“®M (two significant figures) s 

[b] = ^ ^ 1.2x 10-«M i 

4 

» 


are more easily solved by taking square 
roots of both sides of the equation ian 
by use of the quadratic equation. ) 
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A-33 Let X = concentration of _c at equilib- 
rium Since one mole of d is formed 
for every mole of c produced, the con- 
centration of d at equilibrium must 
also equal x For every mole of e 
which reacts, one mole of b must also 
react so that at equilibrium 

[e] = [e“ - x] 

[b] = [b“ - X] 

[c ] = X = [d] 

Kpo = MM. = 3 8 X 10-2 
® [£][« 


[c] [d] ^ (x) 

[e] [b] (1 2 X lO-'^ - x) (1 2 X 10-* - x) 

Taking the square root of both sides 



1 2 X = 2 3 X 10-5 

2L = [l] = [4] = 1 9 X 10-5 M 


A-34 Let X = concentration of |_at equilib- | 
rium Since one mole of i_ is produced i 
for every mole of e, the equilibrium | 
concentration of both e_ and X will be x, j 
and the equilibrium concentration of d j 
will be [d° - x] j 

x2 + 5 0 X 10“5x - 5 0 X 10“® = 0 : 


8 X 10-2 

Q-34 For the reaction 
d - e + f 

the equilibrium constant is 5 0 x 10-® 
mole/liter at 25‘’ A solution which is 
1 0 X 10"^ molar in d is allowed to equi- 
librate at 25° What would the equilib- 
rium concentration of ^ be"? 

(Hint For ax® + bx + c = 0 



Using the quadratic equation, 

„ _ -5 0 X 10-5 + V 25 X 10-15 . (4) (_5 q ^ iQ"®) 

X ■" - , , , , I ■■ --I , II — I...... ■■■ ■ ■ . . 

2 


= [e] = [1] = 5 Ox 10-5 m 


Q-35 For the reaction 


the equilibrium constant is 46 at 490° C. 
If one mole of and I 2 were introduced 
into a liter vessel and equilibrated at 
490°C, what would b4the concentration 
of HI at equilibrium? 


(Hint- If ^ IS the amount of that re- 
acts, whaTwill [HI] be?) 
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A-35 If X = amount of H2 that reacts, then at 
equilibrium 

[H2] = 1-x 

[I 2 ] = 1-x 

[HI] = 2x 

K [HI]' (2x)^ 

■ [H2][l2] ' (1-x) (1-x) 

Taking the square root of both sides 
=68 

2x =68- 6.8x 

9x =68 
X = 0 8M 
[HI] = 2M 
[H2] = [la] = 0.2M 


A-36 In this problem, the reaction vessel is 
3 liters and contains initially 1 mole of 
AziAz) and 2 moles of 62(62) 

Therefore, 

[A|] = 1/3 M 

[62"] = 2/3 M 

Let X = [Aa] which reacts 

= [62] which reacts 


Then 

2jc = [A 6] produced by the 
reaction 



Q-36 A certain compound is prepared by 

allowing the following reaction to come 
to equilibrium 

A2 + 62 ^ 2A6 

All reactants and products are in the gas 
phase at 100° and at that temperature the 
equilibrium constant is 50 If a one liter 
vessel containing one mole of A2 is con- 
nected to a 2 htei vessel containing 2 
moles of 62, and the gases are allowed 
to mix at 100° C, how many moles of A6 
will be produced"? 


1 liter 2 liters 



1 mole Ai 2 moles Bj 


(Hint Determine all concentrations in 
moles per liter. ) 


4x^ = 50(0.2 - X + X*) 
46x2 = 50x + 10 = 0 


2(46) 

If X, were 0.8 M, [Aa] would be 

0.3 - 0.8 » -0.5mole/l, 
obviously a nonsensical answer. 

Therefore, 

jg. * 0,3 M 

[AB] = 2i » 0.6 M 

Because the volume of the vessel is 3 
liters the total amount of AB produced 
must be 3(0.6) or 2 moles. 


0.8 or 0.3 (one significant figure) 
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PART II: Application of Equilibrium Theory 


S-1 


The theories developed in Part I will now be applied to solution equilibria 


A list of strong and weak acids is given below Strong acids dissociate completely (or very 
nearly so) in aqueous solution while weak acids only partially dissociate The dissociation 
reaction for an acid, HA, is 

HA =?= H+ + A" 


strong acid 

hydrochloric acid (HCl) 
sulfuric acid {H 2 SO 4 ) 
hydroiodic acid (HI) 
perchloric acid (HCIO 4 ) 


Keq -mole/f 

greater than 1 
greater than 1 
greater than 1 
greater than 1 


weak acid 

acetic acid (CHsCCXDH) 
benzoic acid (CgHgCOOH) 
hydrocyanic acid (HCN) 
hydrofluoric acid (HF) 


Keq- mole/f 

1 9x 10-5 
6 6 X 10"5 
4 0 X 10 -‘° 
6 9 X 10-* 



Q-1 Hydrogen chloride is a strong acid which 
dissociates nearly completely in water 
according to the equation 

HCl(aq) - h- Cr(^q) 

What would be the value of the equilib- 
rium constant? 

(Hint What is the equilibrium concen- 
tration of HCl?) 

A-1 The equilibrium expression for the re- 
action would be 

^ (H*l [C1-] 

"•I ■ [HCl] 

Because nearly all the HCl dissociates, 
[HCl] at equilibrium approaches zero 
and Kgq approaches infinity 

Q-2 Strong acids (such as HCl) dissociate 
nearly completely in aqueous solution 
and the equilibrium constant is very 
large Weak acids only oartiallv dis- 
sociate in water Which acid, hydrogen 
fluoride (HF) or hydrogen cyanide (HCN) 
IS the weaker acid? Explain in terms of 
the equilibrium expression. 

HF 2 : H+ + F" 

HCN- H+ + CN* 

A-2 The weaker acid is HCN. 

%CN=' [icN] ^ ^ 

^HF ® ® 

The equilibrium constants indicate that 
the ratio of [H"^] [CN"] to [HCN] is very 
much smaller than the ratio of 
[H^] [F"] to [HF] 

Q-3 A weak acid, HA, dissociates according 
to the equation 

HA * H+ + A* 

A solution with the initial concentration 
of HA = 0 1 mole/liter was found to be 

1% dissociated. What is the equilibrium 
constant? 

(Hint- Find the equilibrium concentra- 
tions of reactants and products. ) . 
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A-3 


A-4 


'V 


The acid is 1% dissociated Concen- 
tration of HA which dissociates 

= [HA] (0 01) 

= [0 1](0.01) = 0 001 mole/£ 
Therefore, 


[H+] = 0 001 M 
[A-] = 0 OOIM 


[HA] =(0 1 - 0 001) M 

_ [H+][A-] (0 001)(0 001) 

~ [HA] "(0 1 - 0 001) 


= 1 X 10“® mole/£ 


A-4 


At equilibrium 

[H"^] = 4.5 X lO’^M 

Since an Ac” ion is produced for every 
H+ ion, 

[Ac"] = 4.5 X 10"5m 


Acetic acid (abbreviated as HAc) dis- 
sociates according to the equation 

HAc H+ + Ac" 

The dissociation (equilibrium) constant 
for the acid is 1 90 x 10“® mole/£ . In a 
solution of HAc, the equilibrium concen- 
tration of H"^ was found to be 4.5 x 10~® 
mole/Iiter What is the concentration of 
undissociated acetic acid, i,e , HAc? 



S-2 


In solving equilibrium problems, it is sometimes possible to make approximations which 
simplify the mathematics but do not affect die numerical answer. For example, a 0 10 mole 
sample of a weak acid (HA) (KfjA = 1- 0 x 10“’), is dissolved in enough water to make a liter 
of solution and dissociates according to the equation 

HA * fir*' + A" 


To find [H’*'], let x equal the amount of H formed, then 

[«■"] 

[A"] = X 
[HA] = 0.10- X 


and 


Kha 


[HA] (0.10- jE) 


The exact method of solution requires the use of the quadratic equation. The approximate 
method of solution avoids the use of the quadratic equation and employs the following reason- 
ing. HA will dissociate very little (K is very small). Therefore, x will be very small com- 
pared to the amount of HA p:i^esent. Appr(»:imate 0.10 - s. as 0.10. 
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1 0 X 10-^ 




X = 1 0 X 


Therefore, the approximation made, 0 10 - x = 0 10 was valid 
Using the quadratic yields the same answer i e , 

° (Og-x) 

x2 + 1 0 X lO-'^x - 1 0 X 10-8 = 0 


-1 0 X 10-^ - V(1 0 x IQ-'^P - (4) (1) (-1 0 X 10-^ 


because 1 0 x 10“^^ is much smaller than 4 0 x lO"®, the value of the square root is 

2 0 X 10-^ 

„ _ -1 0 X 10-^ 1 2 0 X 10--* 

- ■ 2 

X = 1 0 X 10“^ (two significant figures) 


Q-5 A weak aeid dissociates according to 
the following equation 

HA H"^ + A" 

If the equilibrium constant is 2 0 x lO”® 
mole/£ , what is [H+] in a solution pre- 
pared by diluting 0 10 mole of HA to 
1 0 liter with water ? 


■ •■■■■■HitiiaBKaaHiiiiaHaaBUJiKmKajiaMA 




a aji a ma a a a aji a a jiJi JUta 


A- 5 The initial concentration of HA(HA°) is 
0 10 mole/liter Let jc = the amount of 
HA that dissociates Then, 

[A-] =x 
[HA] = [HA°- x] 

- [A'j _ y y 

[HA] 


K, 


eq 


[HA° - x] 
= 2 Ox 10-8 


= 2 0 X 10-8 mole/i 


xf 

TIU-x 

The concentration of HA° is known to 
only two sigmficant figures Because 
Keq IS 2 0 X lO"®, only a small amount 
of HA dissociates Assume that 
X «< 0 10 ^ IS much smaller than 
0.10) and test to see if the approxima- 
tion IS valid Making the approximation, 

W = ^ ° ^ 

^ = 2.0 X 10-8 
X = [H+] = 1.4x 10"3 m 

Now subtract 1.4 x 10"® from 0.i0(which 
would have been done if the approxima- 
tion had not been made) and round off to 
two significant figure The value is 
still O 10, this indicates that the original 
approximation was valid and saved the 
trouble of solving a quadratic equation. 


Q 6 


Consider the weak acid of the preceding 
question A solution was made up by 
diluting 0.0010 mole of HA to one liter. 
If the [H"^] was to be determined, could 
the same approximation be made in cal- 
culating the answer as in the previous 
case? Why? 
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A-6 Write the equilibrium expression 


x‘ 


0.0010 - X 


= 2.0 X 10-5 


By assuming that x«<0 0010, the 
value found for x is 1 4 x 10"* Now 
subtracting 1.4 x 10“^ from 0 0010 
yields 0 0009. In this case, it would 
be much better not to make the approx- 
imation as this would change the answer 
somewhat 


Q-7 Consider the weak acid HAc which dis- 
sociates according to the equation 

HAc - + A" 

The equilibrium constant for this reac- 
tion IS 1 9 x 10-5 niole/£ What will the 
[H"''] be in a solution prepared by diluting 
0 100 mole HAc to one liter with water*? 
(Let X = mole/liter of HAc which dis- 
sociate The HAc dissolves completely) 


A-7 


Kgq = ] , = MM ... = 1 9 X 10-5 iiioleA 

[HAc] 0 100-x 


assuming x «< 0 100, 
x^ = 1.9 X 10-5 

and X = 1 4 X lO'^M = [H"*"] = [Ac"] 


Q-8 


What is the [H"^] in a solution prepared 
by adding 0.1 mole HCN to a liter of 
H 2 O? (The HCN dissolves completely ) 


A-8 HCN 5 = H+ + CN" 


KrCN = 


_ [H+] [CN-] 


= 4 0 X 10-*5mole/£ 


[HCN] 

Let X = [H+] = [CN-] 

Therefore, 

[HCN] = 0.1 -X 

If x«< 0 1, then the equilibrium ex- 
pression can be written 

= 4.0x 10-‘5 

X = 6x 10-«M = [H‘^ 


Q-9 The equilibrium constants for HCN and 
HAc are 4 0 x 10" and 1 9 x lO"® 
mole/£, respectively. Which acid is 
stronger? What are the concentrations 
of H"*" ion in 0.1 molar solutions of 
these two acids? (See A-7 and A-8. ) 


A-9 Acetic acid is the stronger acid. 
[H+] in 0 IM HAc = 1 X lO-^M 
[H+] in 0.1 M HCN = 6 x lO"® M 


A-IO 


Khp 


[H+] [P- 


6 9 X 10"^ mole/£ 


[HP] 

Let X = [H+] = [P"l 
Then, 

[HP] = 1.0 -X 
If X «< 1 0 

[HP] = 1.0 M 

Then, 

3.2 

"i" 0" * 0.0 X 10 ^ 

^ = 2.6x 10-*M = [H+] 

To check the approximation, note that 
1.0 - 0.026 = 1.0 


Q-10 A solution is prepared by dissolving 

1 0 mole of HP in a liter of water What 
IS the H'^ ion concentration in this solu- 
tion? (Kjjp = 6.9 X lO"^ mole/£ . ) 


or 

jitsM diff 
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S-3 The ionization of diprotic acids, such as H2S and H2CO3, involves two ionization steps 

HzS - H+ + HS' Ki = 1 0 X 10“^ mole/£ 

HS" 2: + S"^ K2 = 1 3 X 10"^® mole/£ 

For most diprotic acids, the second ionization constant (K2) is smaller by approximately 
five powers of ten (10®) 


Q-11 A solution is 0 100 M in H2S Which ion, 
HS~ or S“®, will be present in the larger 
concentration*? How do you know*? 


A-11 HS“ will be present in the larger con- 
centration The dissociation constant 
for HS“(K2) is very small indicating 
that very little of the HS" which formed 
will dissociate 

Q-12 A 0 100 M solution of H2S is acidic 

What has been the mam source of the 
excess protons, the dissociation of H2S 
or the dissociation of HS"*? How do you 
know^ 

A- 12 The dissociation of H2S Kj is much 
larger than K2, therefore, very few 
protons are formed by the dissociation 
of HS“ as compared to the number 
formed in the dissociation of H2S 

Q-13 In a 0.100 M solution of H2S will [H+] be 
approximately equal to [HS"] or twice 
[S"®] *? How do you know*? 

1 

A-13 [H‘*‘] IS approximately equal to [HS“]. 

Very little HS" dissociates so very 
little H'*' is formed in the second ioniza- 
tion step 

Q-14 What IS the approximate value of [H”^] 
and [HS“] in a 0.100 M solution of H2S? 

(Hint* Let x = [If''] at equilibrium. ) 


A-14 K,=i«!im = l,0xl0-mole/i 
[H,S] 

At equilibrium 

X = [H^] = [HS“] approximately 
[H2S] = 0 100 - X 
If X «< 0.100, then 


x‘ 


= 1.0x10“^ 


X = l.Ox 10"*M = [H*^] = [HS~] 

K 2 = = 1.3 X 10-1® mole/e 

[HS ] 

[H’'"] = [HS”] approximately, 
Therefore, 

Ki = [S"2] = 1.3 X 10' 1 ® mole/jf 






Q-15 If a 0 100 M H2S solution is 1.0 x 10“* M 
in H+ and HS”, what is the concentration 
of S"® in mole/liter? 

K2 = = 1.3 X 10“ 1® mole/£ 

[HS-] 




Q-16 


If [H+] and [HS"] were 1.0 x 10"* M 
before dissociation of HS" occurred and 
the true value of [S"®] is 1.3 x 10'1®M, 
what would the true value of [H’*’] and 
[HS"] be? 
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A-16 [H'*'] - 10xl0^M+13x 10”^® M | Q-17 An H 2 S solution was found to be 

fHS-] = 1 0 X 10-^ M - 1 3 X 10-1* M : J 

' ^ : [S-2] in the solution*? 


A-17 


Kj = = 1 0 X 10 -^ mole/i 

im 

Let X = [HS"] 

[H'''] = [HS"] approximately and 



X = 1 0 X 10"®M 



If [H+] = [HS-] 


= [HS-] 

1 3 X lO"!* mole/£ 


Then, 

jS-*] = 1 3x 10-i*M 

Note that [S"*] changes very little as 
fH 2 S] changes 


Q-18 The first ionization constant for carbonic 
acid is 4 2 X 10-2 j^ole/T 

H 2 CO 3 H+ + HCOg- 

What will (lie approximate ionization 
constant ot liCOg" be*? 

HCOj- - + COg"’ . 


A- 18 Approximately 4 x 10“^* 
Kg IS actually 4 8 x 10 ”^^ . 


Q-19 A solution is saturated with carbonic 

acidpaCOg] = 0.034 M). Will [HCO{] 
be larger, equal to or less than fCOg"^] 
in the solution*? How do you know? 

Ki = 4.2 X 10-2 uiole/^ 

Kg = 4 8 X 10"^^ mole/£ 


A-19 


A-20 



What will be the approximate concentra- 
tion of and HCO 3 " ^ saturated 
(0.034 M) solution of HgCOg? 


What is the approximate concentration of 
CO 3 -* in a saturated HgCOg solution? 


Let X. - fH+] at equilibrium 
Approximately, [H+] = [HCOg’] = ic 
jHgCOg] 

= 4.2 X 10-' 

= 1 4 X 10-® 

X = 1.2 X 10“< M = fH+] = fHCOg-] 
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A~21 In a saturated H 2 CO 3 solution 

[H+] = fHCOs"] (approximately) 

K = [H^] [COs"^ ^ 4 8 X 10-1^ mole/£ 
[HCO 3 -] 

[CO 3 - 2 ] = 4 8 X 10-ii M 


R For diprotic acids such as H 2 S and H 2 CO 3 , 
the first ionization constant is larger (by 
about 10 ®) than the second ionization con- 
stant. Therefore, [amon from first 
ionization] »> [anion from second 
ionization] . FOr example, [HS ]»» 
[S-®]. 


S-4 


In a homogeneous reaction, all components are in a single phase That is, all reactants 
and products are in solution, or all are in the gaseous state Reactions in which all of the 
components are not in a single phase are called heterogeneous reactions For example, in 
a saturated silver chloride solution containing some solid AgCl, the equilibrium is 

-^^^(s) ^ ^^''’(in solution) (in solution) 


For this reaction the equilibrium expression is 


* [ASCl(s)] 


Unlike the homogeneous equilibrium, addition of more solid AgCl will not cause any change 
in concentration of silver 10 ns in solution The term [AgClg] is a constant because the 
concentration of any compound in the solid state is independent of the amount of solid pres- 
ent The concentration of a solid is found by dividing density by the molecular weight. 


concentration in solid 


density _ (gm/cc) mole 

molecular weight ~ (gm/ mole) ~ cc 


Because both the density and the molecular weight of a solid are constants, the concentra- 
tion must be a constant Because [ AgClg] is a constant, a new equilibrium expression can 
be written 

[AgCl]K«, = [Ag+][C1-] = Ksp 
Kgp is called the solubility product constant 



Q-22 The solubility of AgCl in water at 10‘’C 
is 6 2 X 10-8 mole/liter. What is the 
value of Kgp for AgCl? 

(Hint- fAg+] is 6.2 x 10"® M ) 

A-22 AgCl * Ag+ + Cr 

For every mole of AgCl which dissolves, 
a mole of Ag'*' 10 ns and Cl" ions forms. 
Therefore, in a saturated solution of 
AgCl, [Ag+] = 6.2 X 10-8 M ^ ^crj 

Ksp = [AgT [a-] 

= (6 3 X lO"')' = 3 8 X 

Q-23 The solubility of NaCl in water at 10” C 
is 6 1 mole/liter. What is the value of 
Kgp for NaCl? 

A-23 In a saturated solution of NaCl, 

[Na+] = [C1-] = 6.1 M 
^sp =[Na+][Cl-] 

» (6 1)* = 37 moleVl^ 

Q-24 The terms soluble and insoluble are 
often used in describing tiie solubility 
characteristics of salts. In terms of 

K^, what is implied b? fhe words 
samble and insoluble? How would NaCl 
and AgCl be classified? 
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A- 24 A soluble salt is one which has a large 
Kgp value (approximately 1 or greater) 
while an insoluble salt has a very small 
value for Kgp 

The Ksp for A^Cl is very small 

(3 8 X 10"^^ mole^/i^) while the Kgp for 

NaCl is comparatively large 

(37 moleVj^^) AgCl is considered an 

insoluble salt while NaCl is considered 

a soluble salt 


Q-25 The Ksp for the salt CuCl is 
3 2 X 10"'^ moleVj2^ 

What is the concentration of Cu’*' ions in 
a saturated solution of CuCl"? 

(Hint Letx = [Cu'''] ) 


A-25 


A-26 


CuCl Cu+ + Cr : Q_26 

» 

Ksp(CviCl) = [<^1 fCI'l I 

In a saturated solution : 

m, 

[cu^ = [cr] I 

Let 3C = [Cu'*'] ! 

x^^ = 3 2 X 10"’’ j 

X = 5 7x 10"^ M = [Cu+] I 

■ 

a 

— ....J 

a 

a 

CuCOg s: Cu^-2 + CO3-2 i Q-27 

■ 

Kgp =[Cu+2] [COg-^] =2.5 Xl0-‘«moley£2 j 

Letx = [Cu+2] = [CO3-’*] i 

x2 = 2.5 X 10"‘o i 

X = 1 6x lO-^M i 


A saturated solution of cupric carbonate 
(CuCOg) is prepared 

Kgp = 2 5x 10“’° moleVj^^ 

What IS [Cu'*’^] in this solution*? 


The Ksp of barium oxalate (BaCgO^) is 
1.5x10-8 moleV^ 2. The equilibrium 
involved is 

BaCgOi 5= Ba+2 + 

If a solution is saturated with barium 
oxalate, what is the oxalate concentration 
in mole/liter ? 


A-27 Kgp = fBa+2] [CgOr'] 

Let X. = concentration of Ba*^* in 
mol^liter. Then, 

[Ba+2] sx 

[C,0,"*1 =x 

Kgp = = 1.5 X 10-8 moleVi^ 

X = 1.2x 10-^ M = [CgO^-^] 

A-28 SrFg 5t Sr+* + 2F" 

If 5.82 X 10“^ mole of SrFg dissolve in 
1 liter of HgO, then 

[Sr+2| = 5.82x lO-^M . 

Since two F"form for every Sr"*"^ 

JF"] = 2(5.82 X 10-*)M = 11.8x IQ-^M 
Ksp MSr+*][F-p 

= (5.82 X 10-*} (11.6 X 10-*)2 
= 7.83 X 10- ‘8 mole8/2* 


: Q~28 The solubility of strontium fluoride (Sr Fg) 
! in water at 25" is 5.82 x 10"^ mole/liter. 

; What IS Kgp for SrFg? 


; Q-29 The solubility product of manganic 
• oxalate, Mn2(C204)3, is 7 x lO-^^moleV^^ 

: Write the solubility product expression, 

i Mng (0204)3 = 2Mn-’^ + 30304-* 


« 

m 


i 
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A-29 Ksp = [Mn+^]‘[C204"2l" -- 7 x lO'^^mole^/es 


A-30 Mn(OH)3 **= Mn+3 + 30H" 

Kgp = [Mn+3] [OH-]® 

If X = moles of MnCOF'" wln^h chs'=iO'-'’e 
X = [Mn+3] and 3x = [OH"] 

Kgp = ^(3x)® = 27x^ = 1 X 10"^® moleV-^^ 

X = Vl/27 X -^10“®® 

= 4 4 X 10“^® M 


Q-30 How many moles of manganic hydroxide, 
Mn(OH )3 would dissolve in 1 liter of 
water *? 

Kgp for Mn(OH )3 = 1 0 x 10“®® moleV^'* 

Mn(OH )3 Mn+® + 30H' 

(Hint. Write out the reaction and the 
solubility product expression. Let 
X = moles of Mn(OH )3 which dissolve ) 


Q-31 Magnesium hydroxide has a Kgp of 
8 9 X 10“ 1® mole®/je® 

What is the pH of a saturated solution of 
Mg(OH )2 at 25° The equilibrium is 

Mg(OH)2 r: 20H" + Mg+® 

Assume an activity coefficient of one 

[Hint pH = - log (activity coefficient 

X [H+P 

pH+ pOH = 14 00 at 25° ] 



S-5 When a common species is added to a reaction in equilibrium, a change in the equilibrium 
concentrations occurs Le Chatelier's rule predicts qualitatively the direction in which the 
equilibrium will shift The equilibrium expression allows the quantitative description of the 
change in equilibrium position. 


Q-32 The concentration of Ac" ion present in 
a 0 100 molar solution of acetic acid 
was found to be 1.36 x 10"® moie/iiter. 


■IJR M K JUI ■ n Ji a M P M JUM ■ H Jt« « ■ « • « JUH IU« M M • ««i M « « 9 « N « « « Ml M « « « n M. tk # » « ■ Ji am A, 

A-32 Less than. Le Chatelier’s rule would 
predict that the reaction would shift to 
the left because increasing the H'*' ion 
concentration places a stress on the 
system. 


f njMHiUta. 






HAc + Ac" 

If 0,0100 mole of HCl is added to one 
liter of a 0,100 molar acetic acid solu- 
tion, would the [Ac") be expected to be 
greater than or less than 1.36 x 10"® M? 
Why? 

Q-33 For the solution described in the previ- 
ous question, if ^ is equal to the amount 
of HAc that dissociates, what will be the 
values for |Ac-], [H+], and [HAc| at 
equilibrium in terms ci jc? 

(Hint; HCl is completely dissociated. ) 
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A-33 [Ac"] = X I 

[HAc] = 0 100 -X I 

[H"^] = 0.0100 (from the HCl) +x(from | 

the HAc which : 

dissociated) j 

s 

H 

■ 

K [Ac"] ^ (0.0100 +x)(3s) : 

[HAc] ” (0 100-x) : 

The approximations made are j 

x«< 0.100, x« 0.0100 5 

X = [Ac"] = 1.9 x10"‘‘M : 

Note that [Ac"] was predicted from S 

Le Chatelier's rule to be less than | 

136x10“3m c 


Q-34 Using the values determined for the 

previous question, calculate [Ac"] for 
the solution described 

Kgq = 1.9 X 10"^ mole/£ 

(Hint Can any approximations bo -i, -te*?) 


Q-35 A solution is prepared by diluting 0 30 
mole of HAc and 0 15 mole of HCl to one 
liter. Express the values for [Ac"j, 
[HAc] and [H’*’] at equilibrium m terms 
of the amount of HAf vhich disso- 
ciaies 


A-35 Letting x equal the amount of HAc \ 

that dissociates, the values are t 

m 

[Ac"] = X, { 

[HAc] = 0 30 - X j 

[H+] = 0 15 + X i 


Q-36 For the aqueous solution described in 
the previous question, calculate the 
values for [Ac"], [HAc] and [H^J. 

KfjAc = l-9x 10"5 mole/X 


A-36 At equilibrium J 

» 

[Ac"] = ic I 

[HAc] ^ 0.30 -X I 

[H-*-] =015+x ! 

m 

Approximating that x « 0 30 and 0.15 j 

1.9 X 10"5 mole/je \ 

[Ac“j = X = 3 8x 10"'M : 

[HAc j = 0.30 - 2!L = 0.30 M \ 

[H+l = 0.15 +x = 0.15M 1 


Q-37 In a 0.100 M solution of H.jS,|IIS" j and 
[H+] are 

1.0 X 10"'* mole/liter. 

If such a solution is made 0.10 M in 
H"^ ion (bj' the addition of HCl), hov/ 
will [HS"| change? 

Ki(HjS) = I'O ^ mole/X. 


A-37 HjS * H"*" + HS" ; 

Addition of H’*' will shift the reaction to ; 
the left. Letai = [HS"]. I 

ir 

At equilibrium, j 

[HaS] » 0.100 M- 2£ 1 

[HS-] » A \ 

fH'*'] - 0.100 M+ as. I 

. Assume ^ <« 0.100 | 

mim. , = 1.0 X 10-^ molJ/X 

[H,S] (0.100) . 

= l.OxlO"^ » I 


Q-38 


A 0 100 M HaS solution containing 
0.100 mole H"*" ion has a HS" ion con- 
centration of 1.0 X 10"^ M. 

What IS [S"*] in this solution? 

K2 (h 2S) = 1*3 X 10"*3 mole/X 
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A-38 K, =J51I!:!l=lSxlO-«moleA 
[HS-] 

At equilibrium 


Q-39 


Combine the two equilibrium expressions 

Ki = [HS ] = 1 0 X 10"'^ mole/i 
[HzS] 


[H+] = 0 lOOM 
[HS“] = 1 Ox 10-^ M 
[S-2] _ (1 3 X 10-^3) (1 0 X 10-7) 
(0 100) 

= 1.3 X 10"‘®M 


A-39 


[HS-] 

[HS-] 


. [HzS] Ki 

~WT 
= [HliQ 


Ka 


Q—40 


Ka = = 1 3 X 10-i3mole/£ 

^ [HS"] 

into a single equation by eliminating the 
term, [HS"] 

(Hint Solve for [HS" ] in each equation ) 


Using the equation developed in A-39, 
determine [S"^] for the solution de- 
scribed in Q-38. 


Therefore, 

[HaSjK^ ^ [H+][S-^] 

[H+] Ka 

KiKa = = 1 3'x 10-20 mole^A^ 

[HaS] 


A-40 


KiKa 


[H+]2[s-2] 

[HaS] 


KjKa = 1 3 X 10-20 mole2/je2 
[H+] = 0.100 M 
[HaS] = 0 lOOM 
Therefore, 

rg-2i _ (1 3 X 10-20) (0 100) 

'■ ^ (0.100)2 

[S"2] = ISxlO-iOM 


Q-41 


What will [S"2] be in a solution 0.100 M 
in HaS and O.OOIOM in H+ ion? 

Use the combined equation developed in 
A-39. 




A-41 At equilibrium 




[H+] = 1.0 X 10-2 M 
[HaS] = 0 lOOM 

K,Ka 

[HaS] 

(1 0 X 10-«) [S-2] 

OKT ^ = X 3 X 10 20 

[S-2] = 13x 1O-‘0 m 




A-42 Ksp = [M^^] [S-2] = 1.3 X 10-i«mole2/£2 
(0.10) [S-2] = 1.3 X 10-1® 

[S-2] = 13x 10-22 M 












Q-42 A certain metal sulfide, MS, has a 
solubility product constant (Kgo) of 
1.3 X 10“'^ mole*/ £2. What must [S”*] 
be in a 0.10 M solution of when MS 
just starts to precipitate? 


Q-43 K a soluticm was made 0.10 M in M"^* 

and O.IOM in HfS, what must [H^] be in 
order to just start the precipitation of 
MS? 

(Hint: See A-42. ) 
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A-43 When precipitation occurs 

j Q-44 

[S-9] = 1 3 X lO-i^M 

■ 

■ 

• 

a 

[H 2 S] = 0 lOM 

• 

• 

i 

a 

K.K, = 

■ 

« 

e 

• 

[H,S] 

■ 

s 


■ 

ft 

• 

■ 

■ 

a 

« 


In a solution 0 100 M in H 2 S and H'*’ ion, 
[S-2] is 1 3 X 10 19 M (see A-38) In a 
solution 0 100 M in H 2 S and 0 0010 M in 
H+ ion, [S“9] is 1.3 X 10“^9 m (see A-41) 
Is this consistent with Le Chatelier's 
rule? 


H2S * 2H+ + S-9 


[H+]2 = 1.0 X lO-^M^ j 

[H+] = 1 Ox lO'^M j 

M 



k 


A-44 Yes LeChatelier’s rule predicts that 
decreasing [H"*"] would increase the 
amount of H 2 S dissociated and the con- 
centration of S"9 


: Q-45 A solution is made diluting 0.10 mole 
; HAc and 0 10 mole of the salt NaAc 

; (which completely dissociates into Na+ 

5 and Ac") to one liter. What will be the 

I [H^] at equilibrium? 

: (Hint: What will [Ac" ] be? Remember 

• some Ac" comes from the HAc but 

j 0.10 mole comes from the NaAc ) 

1 ^HAc = X 10"® mole/£ 


A-45 Let X = the mole/liter of HAc which 
diss^iates. 

Then, at equilibrium 

X = [ri 

[Ac"] =£ + 0.10 

That is, fAc"l = [Ac") from dissocia- 
tion of HAc + [ac"| from the NaAc 
added. 

Kgq = } = 1,9 X 10"® mole/£ 

^ (hAc) 


Q-46 In a 0.10 M HAc solution, the amount of 
HAc which dissociates is 1.36 x 10"® 
mole/liter if no other reagents are 
added. If 0.10 mole of NaAc or 0 10 mole 
of HCl is added, the amount of HAc 
which dissociates is 1 9 x 10"® mole/liter. 
Is this consistent with Le Chatelier's 
rule? Why? 


0.10- £ 

Making the assumption that £ « 0.1, 
the equation becomes 

« 1.9 X 10"® 

£ » 1.9x 10*®M « 

Has the addition of NaAc to a 0.1 molar 
solution of HAc increased or decreased 
[H+l? SeeA-7. 


« « w • w « # « « « w * « * w » # i«t w w « w )# e * » * « * « w « w « 




A-46 Yes. The equilibrium involved is s 

HAc * H'*’ + Ac" I 

If (as HCl) or Ac" (as NAAc) is : 
added, the rate of die reverse reaction f 
increases, causing more HAc to form. I 
Thus, less HAc will be dissociated. | 


Q-47 If a solution is made up containing 
0.100 mole/liter of HAc and 
0.100 mole/liter of NaAc and then 
0.001 mole of HCl is added, does the 
[H'*'] increase by 0.001 mole/liter? 
Why? (Give only a qualitative answer. ) 
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A-47 No If the equilibrium 

Na’^ + Ac" + HAc ^ 2Ac" + H'*' + Na"*" 

has been established and H"*" ions are 
added, the reaction will shift to the 
left and in doing so, IT'' will be con- 
sumed Therefore, if 0 001 mole of 
HCl IS added to the system, the con- 
centration of H'*’ will not increase by 
0.001 mole/liter, but something less 
than this 


Q-48 A solution of a weak acid (such as HAc) 
and a salt of the acid (NaAc) is called a 
buffer Such solutions tend to resist 
change in [H"^] A buffer is made from 
HAc(K = 1 9 X 10“® mole/f ) and NaAc 
What must the ratio, [Ac“]/[HAc], be 
in order that [H"''] be equal to 4 0 xlO'^M*? 


A-48 


Khac = = 1 9 X 10-5mole/je 

[HAc] 

If [H"'] IS to be 4 0 X 10"® M, then 
[Ac~] ^ 1.9x10"® ^ 0 
[HAc] 4 0 X 10-5 


Q-49 


Oxalic acid (which will be written as 
HOx) is a weak acid which dissociates 
according to the equation 


HQx 


H"^ + Ox' 




The Kgq is 3.8 X 10"^ mole/£ What 
would be the [H’^] of a buffer containing 
0 100 mole of oxalic acid and 0.100 mole 
of sodium oxalate (NaQx) per liter of 
solution (NaOx completely dissociates)? 

(Hint Let 3C = mole/liter of oxalic acid 
which dissociates. ) 


A-49 


A-50 


%Ox 


[H^] [Ox"] ^ ( 2 ) (0 lOOjf^ 
[HOx] ' (0.100 - x) 


3. 8 X 10"^ mole/i 


In this case, Kgq is not very small, 
SO the assumption x «< 0 1 should 
not be made 

3 8 X 10"® - 3 8 X 10"®3L = 0 lOQx + x® 
or X® + 0 138x - 3 8 X 10"® = 0 


= -0.138 1 V(i.38)® X 10~® -4(l)(-0 OOSSj 
2 . 

= 2 4 X 10"®M = [H+] : 


A buffer solution is prepared using 
oxalic acid and sodium oxalate. What 
must the ratio [Ox"]/ [HOx] be in order 
that [H+] be equal to 4.5 x 10"® M? 



S-6 Addition of a common ion will cjiange the position of the solubility equilibrium. Thus, 'addi- 
tion of Cl" will shift the following reaction to the left. 

Agci^gj s Ag+ + cr 

K Kgp is known, then the quantitative aspects of the shift in equilibrium may be calculated. 
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4 

4 

: Q-51 A liter of solution is saturated with AgCl 
■ Will [Ag+] be greater, less, or the same 

I after 1 0 x 10"^ mole of solid NaCl is 

! added to the solution*? Why*? (Assume 

; no volume change ) 

1 

» 

I 

f 

» 

A-51 Loss The product [Ag’’’] I Cr] cannot : Q-52 In reference to the previous question, 

exceed Kg^ If fCl"] is increased by ■ when 1 00 x 10"^ mole of NaCl was 

adding NaCl, then [Ag’*'] must decrease ; added to 1 liter of a saturated AgCl 

; solution, fAg+] decreased What proc- 

; ess occurred which caused the Ag^ ion 

! concentration to decrease"? 


A-52 The Ag"*" combined with Cl" to form 

laiaifllfiMMaiiOWMiiMMii 

H 

i Q-53 

A solution IS 0.10 M in NaCl Excess 

AgCl which precipitated from the solu- 

4 

« 

4 

solid AgCl is added 

tion. 

II 

« 

4 

4 

M 

4 

(Kgp for AgCl = 2 8 X 10"*® moleV^^) 


4 

4 

4 

4 

i 

What will f Ag+] be at equilibrium "? 


4 

4 

• 

4 

i 

4 

4 

(Hint What is [Cf] at equilibrium?) 


A- 53 In the solution, the final CP concentra- 
tion will be 0.10 mole per liter (from 
NaCl) plus the Cl" resulting from some 
AgCl dissolving. If x is the amount of 
Cr in mole/hter resulting from the 
dissolved AgCl, then 


Q-54 A solution is made 1.00 x lO”® M in Ag"^ 
by adding enough water to 1.00 x 10’® 
moles of AgNOs to make 1 liter of solu- 
tion (AgNOs is very soluble in water). 
Will any AgCl precipitate if 1 00 x 
10"^ mole of NaCl is added? 


Kgp-lAg+jfCr] =(x)(0.10+^ \ (Kgp for AgCl = 2.8 xl0-‘»raol€V£^) 

Assuming X"’* 0.10, « 

x(0,10) ■= 2.8x 10”‘®moleVl!^ : 

X " 2.8xlO“®M = [Ag+] \ 

4 


A-54 If the product [Ag’*'i jCl"] exceeds 

2.8 X 10"*® moleVf % AgCl precipitates. 

jAg^] - 1.00 x10"3m 

jCrj = 1.00 X 10"^ M 

The product of these two quantities 
(l.OO X 10"* moleV^e^) is much larger 
than 2.8 x 10"*® moleV£^ Therefore, 
some AgCl must precipitate until the 
condition 

jAg*]{Cr| = 2.8 X 10“*® moleVl^ 
is reached. 


i 

» 

! Q-55 How many moles of AgBr 

j (KgpsSxlO'^^'moleV^^) 

! Will dissolve in a 0 01 M NaBr solution? 

! (NaBr is completely dissociated into Na'*’ 

5 and Br~. ) 

t 

« 

» 

4 

! 


5 

4 

4 

fi 


4 

4 
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A-55 In the solution [Br“] = 0 01 M, but the 
product [Ag’*’] [Br"] cannot exceed 
5 X lO"^® moleyi.^ 

[Ag+] (0 01) = 5 X 10'13 moleVi^ 

[Ag+] = 5 X 10'“ M 

Therefore, 5 x 10"“ mole of AgBr 
dissolved Note that the [Br"] from 
dissolved AgBr is much less than the 
[Br"] from NaBr 


Q-56 A solution is 0 010 M in Mg+2 The Kgn 
of Mg(OH )2 IS 8 9 X 10"“ moleVj2® 

What must the [OH" ] be when Mg(OH )2 
]ust starts to precipitate*? 

(Hint What is the equilibrium involved*? 
What IS the equilibrium expression*? 
What IS [Mg+^] when precipitation 
starts *? ) 


A- 56 Mg(OH)2 5^ Mg+2 + 20H 

Kgp = [Mg'*‘^][OH"]^=8 9x 10"“moley£® 

= (0 010)[OH"]2 = 8 9 X 10"“moleVJ^* 
[OH"] = 3 0 X 10-5 ^ 


Q-57 A solution is 0.010 M in cuprous ion 
(Cu+) and 0.0010 M in lead ion (Pb'*'^). 
Chloride ion is slowly added. 

Will PbClz (Kgp = 1.6 X 10"5 moleVJ^®) 

or CuCl (Kgp = 3 2 X 10"’ moleV^^) 

precipitate first*? Show why 


A- 57 The reactions are 

PbClz - Pb+2 + 2 cr 
CuCl - cu"^ + cr 

Lead chloride precipitates when 
[Pb+2] [cr]2 = Kgp = 1 6 X lO-SmoleV-t® 
In this case, 

[Pb+2] = 0 0010 M 
Therefore, PbCl 2 precipitates when 

tC''l ‘^- looV = 

Cuprous chloride precipitates when 

[Cu+] [Cr] = 3.2 X lO-’moleVJ^^ 
In this case, 

[Cu+] = 0.010 M 

Therefore, CuCl precipitates when 

r/^l"T 3 2 X 10 ^ on . n— ^ n <r 
[Cl ] = Q Q2Q = 3 2 X 10 M 


Q-58 In the previous question, it was found 
that CuCl precipitates before PbCl 2 
What will the [Cu"^] be when PbCl 2 just 
starts to precipitate? 


Obviously, CuCl would precipitate first 
as [Cri of 3 2 X 10"5 M is reached 
before [Cl"] of 1 3 x 10"^ M. 


A- 58 PbCl 2 precipitates only when [Cl"] 
equals 1 3 x 10"^ M When [Cl"] is 
this high the [Cu+] can be calculated by 

*^sp “ [Cu+] [Cl"] = 3 2 X 10"'^moleVi^ 

[Cu"^] =-|^x 10"8 = 2.5 X 10“8 M 
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S-7 Acids can be described as strong or weak depending upon the magnitude of the equilibrium 
constant Likewise, bases can be described as being strong or weak A strong base, such 
as NaOH, dissociates completely to Na"*" and OH“ (Kgq is very large) while a weak base, 
such as NH4OH, dissociates only partially to NH4+ and OH” (Kgq is 1 8 x 10~® mole/£) 


strong base 

Kgq -mole/1 

weak base 

Kgq-mole/1 

NaOH 

much larger than 1 

NH4OH 

1 8 X 10 -® 

KOH 

much larger than 1 

CH3NH3OH 

5 X 10 -* 

LiOH 

much larger than 1 

NH2NH3OH 

9 8 X 10 -'^ 



(CH3)3N 

5 7 X 10 ”® 



C5H11N 

1 7 X 10 -® 


» 

c 

«l 

■ 

s 

» 

■I 

c 

m 

m 

c 

m 

9 

e 

m 

« 

m 

5 

II 

m 

s 


A- 59 


NH^OH 5= NH 4 -*- + OH” 

[NHiOH] 

Let 21 = [NH 4 ‘^] formed by the dissocia' 
tion of NH 4 OH. 

X = [NHi'*'] = [OH”] 

[NH 4 OH] = 0.10 -X 

Assuming x «< 0 10 

= 1.8x 10“5 

ii = [OH"] = 1.3 X 10"3 M 


5 


C 

k 

* 

k 

« 

B 

K 

R 

k 

k 

k 

k 

c 

k 

fi 

k 

k 

fi 

k 

k 

k 

k 

k 

s 

c 

k 

k 

s 


6 

k 

5 

m 


Q-59 A solution is prepared by dissolving 

0 10 mole of NH3 gas in enough water to 
make 1.0 liter of solution. What is the 
[OH~] in the resulting solution? 

(Hmt. NH3 + H2O - NH4OH 

Therefore, the NH4OH formed from NH3 
is 0 10 mole. 



for the reaction NH4OH 
.8 X 10“® mole/£ . ) 


NH4++OH" 


Q-60 One liter of a solution containing only 
NH4OH and water is to have an OH” ion 
‘concentration of 6.0 x 10“^ mole/liter. 
How much NH3 gas would be required to 
prepare this solution? 

(Hint- What is [NH4‘^] ?) 


'£■ 


A-60 [NH4'*'] [OH”] 


1.8 X 10”® mole/£ 


[OH“| = 6.0x i0-*M = [NH4+] 


c Q-61 

k 

k 

s 

k 

£ 

k 


36 X 10"» 
[NH 40 Hj 


1.8 X 10”® 


[NHtOH] = 2.0x 10”*M 

Therefore, the original (before disso- 
ciation) concentration of NHtOH must 
have been 


2.0 X 10”®mole/£ + 6.0 x 10"* mole/C 

» 2.1 X 10”® mole/1. 

Therefore, 2.1 x lO”* mole NI% would 
be required. 


e 

« 

e 

k 

k 

e 

k 

k 

« 

k 

k 

I 

fi 

s 

k 

! 

I 

fi 

I 

I 


*kMtkki#*kikkk»««kkM«i*ik 


A solution is prepared by dissolving 
0.1 mole NHs gas and 0.2 mole of NH4CI 
(a salt which dissociates completely into 
NH4'^ and Cl") in enough water to form 
1.0 liter of solution. What is the [OH"] 
in this solution? 

(Hint: What is the concentration of NH4'^ 
ion?) 
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A-61 3^ = [OH"] from the dissociation of 

NH4OH 

[NH4'*'] = 0.2 + X 

[NH4OH] = 01 - X 

Assuming^ «< 0 1 or 0 2, 

[NH4I [OH-] ^ 1 8 X 10-5mole/£ 

[NH4OH] 0 1 

X = 9x = [OH"] 


Q-62 If 0 001 mole OH" ion is added to the 

solution given in the previous question, 
will [OH"] increase by 0 001 mole’ 
Why’ 


A-62 NH4OH * NH4‘^ + OH" 

If more OH" is added to the solution, 
the reaction given above will be shifted 
to the left. Such a shift will require 
that some OH" 10ns react to form 
NH4OH Therefore, addition of 0 001 
mole of OH" 10ns will not increase 
[OH"] by 0.001 mole but something 
less than 0 001 mole 


A-63 buffer solution 


Q-63 A solution of a weak base and a com- 
pletely dissociated salt with a common 
ion (1 e , NH4OH + NH4CI) IS known as 
what kind of a solution? 


Q-64 A liter of NH4OH - NH4CI buffer solution 
was to be prepared with the [OH" ] equal 
to 5 0 X 10"® M What must the 
[NH4^]/[NH^0H] ratio be in the buffer 
solution? 


A-64 . 1 8 X 10"® moleA 

[NH4OH] 

[OH"] = 5.0x 10"®M 
Therefore, 

[ NH4+] _ 1 8 X 10"5 
[NH4OH]' 50x10"® 

= 3 6 X 10"® 


Q-65 One liter of a buffer (pH = 5.20) is to 
be prepared from NH4CI and NH4OH. 

If 0 10 mole of NH4CI is used, how many 
moles of NH3 should be added to the 
solution? Assume an activity coefficient 
of one. 


A-65 


pH = 5.20 


-log [OH"] =8.80 

pOH = 8 80 

[OH"] = 1 6x 10-® M 


%H40H = 


[0H"][NH4-^] 

[NH 40 H] 


[OH"] =16x10"9M 

[NH4+] = 0.10 + 1 6 X 10"® = 0 10 M 

[NH4OH] = X 

(1,6 xl0-») (0.10) ^ , j ^ 

X = [NH4OH] = 8.9 X 10"8 M 
Add 8.9 X 10"® + 1.6 x 10"® mole NHj 
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S-9 The preceding section indicated how to qualitatively predict the effect of dissolved salts on 
the hydrogen ion concentration A quantitative description of a hydrolysis reaction such as 

F" + HjO ^ HF + OH" 

can be made if the equilibrium constant for the weak acid (or base) and the dissociation con- 
stant for water (K^) are known 



Q-69 Water ionizes according to the equation 
H 2 O ^ it + OH" 

K|®q = 1 8 X 10-18 jnole/e 

For pure water, what is the concentra- 
tion of H"*"? 

(Hint 1 liter of water contains 55.5 
moles of H 2 O ) 

A-69 Let _x = amount of H 2 O which 


dissociates 


Then at equilibrium, 


[H 2 O] = 55 5 - X 


[h"'] =[OH"]=x 



[H"^] [OH"] 
■ [H 2 O] 


(55 5 -"xj 


= 1.80 X 10"^® mole/f 


Assuming x « 55 5, 
x^ = (55.5) (1.80 X 10-1®) 

= I 00 X 10" 1 ^ mole^4^ 

X = 1 00 X 10-1 M = [H+] = [OH-] 


Because the number of moles of water in 
one liter of any aqueous solution is very 
nearly 55.5, a new constant can be 
defined in the following way 

Keg a a i PEL 1.80 X 10-1® moleA 

^ [H20i 

= 1 80x 10 -i«[H2O] 

= 1.00 X 10-i< moleVje* = [H+] fOH-j 

In all aqueous solutions at 25^ C, 

[ff^j [OH"] must equal 1.00xl0-i®moleVi^ 
If a solution has a fH+] of 0.00721 M, 
what is [OH"] at 


■ ■ > ■ ■ K ■ M M ■ « m am « ■ M A ■ ■ ■ V 0 M ■ M • « • ■ M ■ « « ■ « 




A-70 = [H"^] [OH“] = 1 00 X lO-KmoleV^^ 

= (0 00721) [OH"] 

[OH"] = 1 39 X 10"12 M 




Q-71 If an aqueous solution has an 

[OH"] = 6.2 X 10-1 M, what is [H+] at 
25®C? 




! 


A-71 [H+][OH-] = 1.00 X 10-14 moleV^^ 
[H+] (6 2 X 10-1) = 1 00 X lO-w 
[H+] = 1 6 X 10-® M 


Q-72 Write the equilibrium expression (Kw) 
for the hydrolysis reaction- ^ 

H20 + Ac" =? HAc + OH" 

(Hint: [H 2 O] is constant. ) 
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A-72 ^ [OH‘][HAc] 

[Ac-] 

[H2O] IS constant and therefore is in- 
cluded in the constant Kjjy 


Q-73 If the equilibrium expression for the 
hydrolysis of Ac" is 


Khy 


_ [OH"] [HAc] 


[Ac-] 

express K|^y in terms of and 
Kw = [H1[0H-] 

= [Hi [Ac-] 


K 


■HAc 


[HAc] 


A-73 = 

[Hi [OH-] 


i Q-74 

Consider the hydrolysis of the CN" ion. 

%Ac 

II 



Derive the expression for K^y in terms 
of and Kjjqjnj 

[HAc] 

. [Hi 



r, .[0H-][HCN] 

[Ac-] 

^HAc 



[CN ] 

li 

[OH“] [HAc] 
[Ac“] 

_ [OH-] [Hi 
%Ac 









^HAc 





A-74 


K- 


HCN 


CN" + H20 - HCN + OH" 

- [Hi [CN-] 

[HCN] 

[HCN] ^ [H+] 

WI ' Khcn 

K ^ [HCN] [OH'] . [Hi [OH"] _ 


Q-75 If Ki 


K, 


•hy 


is 4.0 X 10"i° mole/®, what is 
N"? 


"hy 


[cr] 


K 


■HCN 


Khcn! 


■ MJM VMil |i «| II«NIK««I tUIKKHJN ALIWiilKWM PA «DI« I* MW WOK **""■«** O*****^ 


A-75 


K 


Since Khv * — (derived above), 

^ %CN 


then 


Ki 


•hy 




PVAPfUMtAAWPAAtAAplVDtJtJtll 


Q-76 If K^y of CN“ = 2.5 x 10“5 mole/i, what 
is the [OH"] of a solution prepared from 
0.10 mole of NaCN and enough water to 
make 500 ml of solution? 

(Hint: Let x = amount of CN“ converted 
to HCN.) 


.Ap|«|IK«P,«Jl«JMiagpaUPM«A|lAPA4l««AjpMAAA|llA«AA«A»AAAAAIIJiAAPAPKAAAUA«MAAAJl«AAPHA)MiA 
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A-76 The concentration of CN" = 0 20 M 
{0 10 mole/ 500 ml) 

[OH-]lHCN] ^,SxlO-We/i! 

[CN-] 

Let X = amount of CN~ (in mole/liter) 
which IS converted to HCN 

At equilibrium, 

[OH-] = X = fHCN] 

[CN“] = 0 20 - X 

Assuming jc « 0 20, then 

J^M-- 2 5x 10-5 

x^ = 5 0 X 10“® moleVj^^ 

X = 2 2 X lO"® M = [OH"] 


A-77 In a 0 2 M NaCN solution, 

[OH“] = 2 2 X 10-® M 

[H"^] [OH“] = 1.00 X lO-i-imoley^® 

rrr+1 1 00 X lO-i't 

1 - 2 2 X 10-^ 

= 4 5 X 10"*® M 


Q-77 Considering the answer to the previous 
problem, what would the [H'*'] be in a 
0 20 molar NaCN solution*? 


Q-78 Sodium fluoride is the salt of the weak 
acid HF(Kc,jss = 6 9 x lO"** mole.T ) 

What IS Kj^y for the F" ion'? 

(Hint Write the hydrolysis equation and 
then del ive Kj^y in terms of other con- 
stants ) 


A-78 F" + H2O HF + OH" 
K. = [HFJ (OH'l 

--TF] ■■ 

K,„ =,i£l[n 

[HF] 

[HP] ^ [H+] 

[F-] " Khf 
K. [H+][OH-] . 


Q-79 


If Khy for F" is 1.4 X 10“** mole '( , 
what is |H'*'| m a solution prepared by 
dissolving 0 10 mole of NaF in enough 
water to make 500 ml of solution'? 


1 00 X 10“*^ . . 

6.9 X 10"* ~ 1 4 X 10 **moleA 


A -79 Let [HF] =3^ 

[OH-] = X 

[F"] =0.20-x 

Assuming x <<. 0.20 

= 1 5x 10-** mole/£ 


Q-80 


x! -- 2.8 X 10-*® 

X. = 1.7 X 10"® M 

[OH"][H+] = 1.00 j 
[H+] = 5 9 X 


Calculate the pH of a solution prepared 
by mixing 0.10 mole of sodium acetate 
with enough water to make 1.0 liter of 
solution 

KjjAg = 1.9 x 10"5 mole/f 
Assume an activity coefficient of one. 


0"® M = [OH" I 
1.00 X 10-*^ inole®/£® 
5 9 X 10"® 
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K - JSl - [HAc] [0H~] 

KhAc [Ac“] 

If X equals the amount of HAc formed, 
then, 

[HAc] =x 
[OH"] =x 
[Ac"] = 0 10- X 
Assuming x « 0 10 

x2 IQ- 14 

Tto ^ 19 X 10"^ 

x^ = 5 3 X 10"“ moleVj^^ 

X = 7 3 X 10-« M 
pOH = 5 14 

pH = 14 00 - 5 14 = 8 86 


K ly _ [NH4QH][H+] 
^NH40H 

If jc equals the amount of NH4OH 
formed, then 

[NH4OH] =x 
[H+] =x 
[NH4+] = 0 50 -x 

Assuming x « 0.50 
x2 10-14 

TW = i '8 X i0-5‘ 

X = 1.7 X 10"5 M 
pH = 4.77 


Q~81 Calculate the pH of a solution prepared 
by mixing 0 50 mole of ammoxiium chlor- 
ide with enough water to make 1 liter of 
solution 

%H^0H = 1 8 X 10-5 moie/l 
Assume an activity coefficient of one 


R 


When salts of weak acids and strong 
bases or salts of weak bases and strong 
acids dissolve in water, hydrolysis 
occurs. 



PART III: Acid-Base Titrations 


S-l The progressive addition of an acid to a base, or vice-versa, is called titration When a 
solution of acid is titrated with a base, the reaction 

H+ + OH" s H2O 

occurs. At the equivalence point, the moles of base added is exactly equal to the moles 
of H* ion m the original solution. During the titration, [H+][OH“] will always equal 
1.00 X 10"“ moleVf^ at 25°. 
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at the start of 
[h 1 = 0 1 M 
50 00 ml HCl 

the titration, 

(pH = l) 

1 0 1000 mole HCl _ ^ 

25.00 mlNaO? 

r 

i- 

lOOO.mlHGl- 

0 1000 mole NaOH 



1000 ml -NaOH ~ 


Q-1 A 50 00 ml sample of 0 1000 M HCl is 
titrated with 0 1000 M NaOH, i e , the 
NaOH IS progressively added to the HCl 
What is the pH at 

a) the start of the titration, 

b) after 25 00 ml of NaOH has been 
added, 

c) after 49 90 ml of NaOH have been 
added? 

Assume an activity coefficient of 1. 


A-1 


This added NaOH combines with 
2.500 X 10"® mole of HCl to form 
2 500 X 10"® mole NaCl Therefore, 
2 500 X 10“® mole of HCl are left in 
75,00 ml of solution 


[Hi = 


2 500 X 10”® mole H"^ 

1000 •Dftl- 

75 00-ffltlr 

1 liter 


= 0.033 M 


pH = 1 48 


49 90 ml NaOH- 

0 1000 mole- NaOH 

1 mole HCl 


1000 ml NaOH 

1 molo NaOH “ 


49.90 ml of NaOH combines with 
4.990 X 10"® mole of HCl. The moles 
of HCl remaining are 

5 000 X 10"® - 4.990 x 10"® = 1.0 x 10“® mole. 


[Hi 

pH = 4 


1.0 X 10"® mole H"^ 

1000 mi 


1 liter 


Q-2 


For the titration described in the pre- 
ceding question, what will the pH be when 

a) 50.00 ml of NaOH solution is added, 

b) 50.10 ml of NaOH solution is added, 
and 

c) 00.00 ml of NaOH solution is added? 





chemical equilibrium 


365 


A-2 a) When 50 00 ml of NaOH is added, 

the equivalence point (moles of tase 
added equal moles of acid in sam- 
ple) will be reached. Because NaCl 
(the product formed) is the salt of a 
strong acid and strong base, the 
solution will be neutral 


pH = pOH = 7 

b) When 50 10 ml of NaOH solution has 
been added, the excess NaOH will be 


0 10 tttl 0 1000 mole NaOH 
1000 ml NaOH 


= 1 0 X 10“® mole 
in 100 1 ml 


[OH-] = 1.0 X 10-* M 
pOH = 4 
pH = 10 

c) When 60 00 ml of NaOH solution has 
been added, the excess NaOH will be 

NaOH in 110 ml 
[OH-) = » X i°-;kiooo) 


Q-3 Using the data calculated in the two pre- 
ceding problems, draw a titration curve 
by plotting ml of NaOH added (X-axis) 
against pH (Y-axis). 


pH 



ml NaOH added 


[OH"] = 9.1 X 10-3 yi 
pOH = 2.04 
pH = 11.96 



Q-4 


A-4 The salt formed by such a titration will 
. always be completely dissociated. No 
hydrolysis occurs with salts formed 
from strong acids and strong bases. 


Q-5 


The equivalence point in the titration of 
a strong acid with a strong base is al- 
ways at pH 7 Why ? 


The equivalence point in the titration of 
a weak acid with a strong base is at 
pH 7. A solution of acetic acid is 
titrated to the equivalence point with 
NaOH. What is the salt formed? Will 
the pH of the solution be greater than or 
less than 7? Why? 
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A- 5 The salt formed is sodium ac elate 

HAc + NaOH - 11^0 -t NaAc 

The pH of the solution will be greater 
than 7 because of hydrolysis 

Ac" + H 2 O - HAc + OH" 

Q -6 A solution of HCN is titiated to the 

equivalence point with NaOH Give the 
titration reaction Will tlio pH of the 
resulting solution be greater 01 less 
than 7 Why 

A -6 HCN + NaOH - NaCN + H 2 O 

The pH will be greater than 7 because 
of hydrolysis 

CN" + H 2 O HCN + OH" 

Q-7 A solution of NH 4 OH is titiaUxl to the 

equivalence point with HCl What is the 
salt formed"'^ Will the pH ol the losult- 
ing solution be equal to, gieatei than, 
or less than 7 Why'^ 

A-7 The salt formed is NH^Cl 

NH 4 OH + HCl - NH 4 CI + H 20 

The pH will be less than 7 because of 
hydrolysis 

NHi'^ + H 2 O 5 ^ NHiOH + H+ 

Q -8 A 50 00 ml sampUmif 0 100 M acetic acid 
(KfjAc T- ^ ^ mole liter) is 

titrated with 0 100 M NaOH Betore 
titiation, the pH ol the acetic acid solu- 
tion IS 2 9 Calculate the pH ot the .solu- 
tion aftci 40 ml, 50 ml, ami 60 ml of 

0.10 M NaOH is added. (Assume activity 
coefficient is I'qual to one ) 


A -8 


50 ml- HAg 

0,100 mole HAc 


lOOOjsftWiAe 


40 ml NaOH 

0 100 mole NaOH 


1000 ml NaOH- 


This added NaOH combines with 
4 0 X 10~® mole of HAc to foi m 
4 0 X 10"® mole of NaAc 

Therefore, 1.0 x 10"® mole of HAc 


are left m 90 ml of solution. 

• 

« 

[HAcJ 

1 0 X 10"® mole HAc 

1000 

90«t 

1 liter 

[Ac-J 

4.0 X 10"® mole NaAc 

lOOO-wd- 

90-i»4- 

1 liter 

^HAc 

. [H+][Ac-] 

[HAc] 

it 

* 

« 

* 

* 

* 

» 

m 

let X 

= [H-^j 

« 

K 

t 

« 

0 

1 

a 

< 

1 

= 0.044 + X 

0 

0 

0 

* 

0 

[HAc] 

= O.OU - X 

i 

* 

0 

0 

0 

assuming X <<< 0 011 

0 

m 

0 

0 

X-It? 

m 

pH = 5 32 

0 

m 

0 

0 

m 

50 ml 


m 

* 

* 

0 

Since at the equivalent point the moles : 
of NaOH are just equal to the moles : 
of HAc, the solution contains • 

5.0 X 10"® moles of NaAc. • 

[NaAc] 

_ 5.0 X 10“® mole NaAc 
?7tvr=rr 

1000 -mi- 


0.011 M 


= 0.044 M 


0.050 M 
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The hydrolysis reaction is 


Ac” + H 2 O - HAc + OH” 


Khy 

let 


. Kwater _ [OH~] [HAc] _ 1 0 x 10"^^ 
'KhAc " [Ac-] " 19x10-5 

[OH"] = X = [HAc] j 

[Ac"] = 0.050 M I 

^ =5.3x10-10 I 

x^ = 2.6 X lO'ii moleV^^ • 

X = 5 1 X 10“® mole/£ j 

pOH = 5.29 i 

pH = 8.71 I 


= 5 3 X 10"io mole/£ 


c) 60 ml NaOH, 

.0.100 mole NaOH 


1000 ml NaOH- ' 


6.0 X lO'O mole 
NaOH added 


50 ml of NaOH is used to neutralize 
the HAc present Therefore, 

1.0 X 10"® mole of NaOH remain un- 
reacted. 


[OH-] = 


1.0 X 10-® mole NaOH 

1000 ml 

ilO ml 

1 0 £ 


9.1 X 10"® M 


pOH = 2.04 

pH = 14.00 - 2.04 = 11.96 


Q-9 Using the pH values calculated m A-8, 
draw the titration curve foi thf titration 
of 50 ml of 0.10 M HAc with a 0 IG M 
solution of NaOH. 
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A-9 



R In the titration of an acid with a base (or 
vice-versa), the pH changes very rapidly 
at the equivalence point The equivalence 
point in the titration of a strong acid with 
strong base is at pH 7 In the titration 
of weak acids with strong bases (or vice- 
versa), the equivalence point is not at 
pH 7 because of the hydrolysis of the 
salt formed m the titration reaction 


Iiidicators are used to detect equivalence points in an acid-base titration Indicators, such 
as HIn, are organic acids which can dissociate according to the following equation, 

HIn - H+ + In' 

The equilibrium expression for the indicator HIn is 

K -IHUlL 

^ ■ [HIn] 

The ratio [In'] /[HIn] is inversely proportional to [ H'*']. 


Q-10 For the indicator HIn, the species In" is 
colorlesp and the species HIn is red If 
the indicator is added to a strongly 
acidic solution, which species, HIn or 
in*, will be present in the larger 
amount? Why? 








A- 10 HIn In an acid solution, the equilib- 
rium for the reaction 

HIn 5^ H+ + In- 


Q-ll If HIn is the predominate species in a 
solution, will the solution appear red or 
colorless? 


will he far to the left. 




A-11 Red 


Q-I2 For the indicator HIn, 


Kgq * 5 X 10"® mole/Uter 

When the ratio, [In'j/fHInj, is J or 
less, the eye can detect a red color in 
the solution What is the pH of a solu- 
tion containing HIn when the eye can Just 
detect a red color? 
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[Hn] 

[H+l 

2 - 5 X 10 ® mole/£ 

[H+] = 1.0 X 10"5 M 
pH = 5 

Q-13 For an indicator HIn’ 

Kgq = 5 X 10“^9 mole/liter 

When the ratio, [In’"]/[HIn'], is 1/10 or 
less, the eye can detect a blue color 
What IS the highest pH at which a solu- 
tion of HIn' appears blue? 

A-13 ^.[K"](In'-] 

[HIn'] 

= 5 X 10“^® mole/£ 

[H+] = 5 X 10-9 M 
pH =83 

Q-14 For the indicator Htn", the ratio 
[Ih"-]/[HIn"] IS 7 0 at a pH of 4. 3 

What IS Keq indicator*? 

A- 14 pH = 4 3 

-log[H+] =43 
[Er^] = 5.0x 10-5 M 

K- . (Hi [In"-] 

[mn"] 

= (5.0 X 10-5)(7.0) 

= 3.5 X 10“^ mole/£ 



S-3 Indicators for a particular titration are chosen so that a visual color change will occur at 
or very near the pH of the solution at the equivalence point 



volume 


The indicator should 
change color in this 
pH region. 


Q-15 The indicator methyl red is red in acid 
solution and yellow in basic solution. 

The color transformation can be detected 
with the eye at pH 5. Would this be a 
suitable indicator for the titration de- 
scribed in S-3? 


370 


chemical equilibrium 


A- 15 Yes. Any indicator changing in the pH 
range 5 to 9 would be acceptable 


A-16 No The color transformation of 

methyl orange occurs at too low a pH. 


Q-16 The Color transformation for the indi- 
cator methyl orange (red in acid, yellow 
in base) can be delected at pH 4. Would 
methyl orange be a suitable indicator 
for the titration described in S-3 


Q-17 An acid is titrated with a base (base is 
added to the acid solution containing the 
indicator) The titration curve is iden- 
tical to that given in S-3 If methyl 
orange is used as indicator would the 
color change be detected before or after 
the equivalence point has been reached? 


A- 17 Before the equivalence point has been 
reached 


Q-18 Figure I is a titration curve for the ti- 
tration of a base with an acid (acid 
added to the base containing indicator) 
Figure n shows an expanded portion of 
the curve in Figure I. If a titration of 
this acid and base were carried out, 
describe the type of error and magnitude 
of error (in terms of ml of acid added) 
for the indicators x and y 



ml of acid added 
Figure I 
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A-18 For indicator y, 0 7 ml too little acid i Q-19 
would be added For indicator x, i 

0 4 ml too much acid would be added j 


A-19 Indicator x : Q-20 


For the titration described in Q-18, 
which indicator would give the most 
accurate result*? 


A weak acid is titrated with a strong 
base (base is added to the acid and in- 
dicator) Which curve would most 
closely represent the pH changes during 
this titration? Why*? 



A~20 Curve L At the equivalence point, the 
solution will be slightly basic. Salts of 
weak acids and strong bases give basic 
solution because of hydrolysis. 


mrlliter of added reagent 


Q-21 Which of the curves given in Q-20 would 
most closely represent the titration of a 
weak base with a strong acid? Why*? 






A-21 Curve HI. At the equivalence point, the 
solution would be slightly acidic. Salts 
of weak bases and strong acids give 
acidic solutions because of hydrolysis. 


A-22 Yes, the equivalence point for curve I 
comes at about pH 9. If thymolphthalein 
were used, the color change would occur 
very close to the equivalence point. 


Q-22 Thymolphthalein is an indicator which 
chaises color in the pH range 9-11 
Would this indicator be satisfactory for 
the titration described by curve I in 
Q-20? Why? 


Q-23 Methyl orange changes color in the pH 
range 3-4, while methyl red changes 
color in the pH range 5-6. Which would 
be the most satisfactory indicator for 
the titration described by curve m in 
Q-20? Why? 
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A-23 Methyl red The equivalence point on 
curve III comes at about pH 5 The 
color change with methyl red would 
occur very close to the equivalence 
point If methyl orange were used, 
the color change would occur after the 
equivalence point is reached 


A-24 phenolphthalein At the equivalence 
point the concentration of sodium ace- 
tate IS 0 0500 mole/liter (100 ml of 
solution) 

^ Kw [HAc][OH“] 

Let _x = [OH"] = [HAc] 

, _ (0 050Q)(1 OOxlO-AD 

" (1 9 X 10-5) 


Q-24 A 50 00 ml sample of 0 100 molar acetic 
acid (Keq = 1 9 x 10"^ mole/fi) is titrated 
with 0 lOO molar NaOH What is the 
best indicator to use in the titration”? 


Indicator 

pH range of 
color change 

Methyl orange 

3-4 

Methyl red 

5-6 

Bromthymol Blue 

6-7.5 

Phenolphthalein 

8-9,5 

Thymolphthalein 

9-11 


Q-25 A 50 00 ml sample of 0 100 molar 

NH4OH (Keq = 1 8 X lO"® mole/? ) is 
titrated with 0 100 molar HCl Which of 
the indicators listed m Q-24 would be 
best for this titration”? 


^) = 5 1 X 10"6 M = [OH"] 
pH = 8 71 


A-25 


Methyl red At the equivalence point 
the concentration of NH4CI is 
0 0500 mole/liter 

Kh ^ ^ = [NH4OH] [H-*-] 

^ ' Kdiss ~ [NH4"-] 

Let X = [H+] = [NHiOH] 

, .2 _ (0 0500)(1 00 X lO"!”*) 

^ ■ (1 8 X 10-5) 

X = 5 3 X 10"5 M = [H+] 
pH = 5 28 



PART IV: Complexions 


S-l Certain metal ions react with electron donating groups to form complex ions. For example, 

Cu+ + 2CN- - Cu(CN) 2“ 

complex Ion 

Usually, equilibrium expressions are written and constants are given for the dissociation of 
the complex ion Thus, K<j for Cu(CN)2"' is expressed as 

H K(j values are available, the concentrations of complex ions in solutions can be calculated. 
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Q-1 If one liter of a solution is 1 00 M in CN" 
and 0 010 mole of copper (l) ion is added, 
will the final Cu+ concentration in the 
solution be approximately 0 010 M, 
slightly less than 0 010 M or very much 
less than 0 010 M*? Why’ 

(K^ for Cu(CN) 2 " = 1 X 10 "1® moleVje^) 

A-1 Because of the very small equilibrium 
constant (1 x 10"^® moleVj^^) very little 
of the complex dissociates The con- 
centration of CN" IS more than twice as 
large as the Cu'*" concentration, there- 
fore, virtually all of the Cu+ will be 
converted to Cu(CN) 2 " and the final 
[Cu+] will be very small - much, much 
less than 0 010 M 

Q-2 For the solution described in the previous 
question, what will be the approximate 
final fCN"]’ 

A-2 If nearly all Cu+ is converted to 

Cu(CN) 2 “, then CN" corsuraed in this 
reaction will be nearly 0 020 M This 
leaves a final fCN“] of about 

1.00 - 0.020 = 0.98 M 

Q-3 For the solution described in Q-1, what 
will be the approximate final concentra- 
tion of Cu(CN) 2 "’ 

A-3 If nearly all the Cu’'" is converted to 
Cu(CN) 2 ", the final concentration of 
the complex will be very nearly 

0.010 M 

Q-4 Keeping in mmd the approximations 

noted in the last three answers, what is 
the final concentration of Cu"*"? 

(Hint ^ [Cu+] fCN"]2 ^ 

[Cu(CN)2"] 

A-4 Using the previous approximations, 

l£dii!!L= 1 X 10"i« moleV^^ 

0.01 

feu'll = 1 X 10~i® M 

Note that all approximations were 
justified. 

Q-5 One liter of a solution contains 0 020 
mole of CN", 0 010 mole of copper (I) 
ion IS added to this solution. What will 
the approximate final concentrations of 
Cu(CN) 2 ", CN", and Cu'^'be? 

K(j = 1.0 X 10"i8 moleVJ^^ 

A- 5 Because of the very small nearly 

all the Cu+ will be in the form of 
cyanide complex. Therefore, fCu'^] 
will be very much smaller than 0.010 M 
and fCu(CN) 2 "] will be very nearly 

0.010 M. If 0.010 M of Cu"^ is con- 
verted to Cu(CN) 2 “, 0.020 M of CN" is 
required; therefore, [CN"] must be 
nearly zero. 

Q-6 For the solution described in the pre- 
vious question, calculate the actual final 
concentration of Cu”^ using the approxi- 
mations given in A- 5. 

(Hint* Let x = [Cu"^] at equilibrium; 

[CN"] will be 2x Why?) 
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A-6 Let X = [Cu+], then [CN"] = 2x. 

Because the CN“ was available in the 
stoichiometric amount, [Cu(CN) 2 ”] will 
be approximately 0 010 M 


[Cu'^][CN"]^ ^(2x)2 

— — 1 0 X 10"^® moleV^^ 

[Cu(CN)2“] 0 010 


= 1 0 X 10“^® mole®/!® 

X = 6 3 X 10“^ M = [Cu+] 

Q-7 Cuprous chloride has a Kgp of 

3 2 X 10“® mole®/!® In the preceding 
question, the final [Cu"^] was 6 3 xl0“® M 
How many moles of Cl" would have to be 
added to that solution before CuCl pi e- 
cipitated*? 

(Hint Remember that the solubility 
product must be satisfied in any solution ) 

A-7 In A-6, [Cu+] = 6 3 x lO'^ M When- 
ever [Cu"*"] [Cl"] becomes larger than 

3 2 X 10“'^, precipitation of CuCl will 
occur 

[Cu+] [Cr] =3 2x10'^ 

(6 3 X 10-^)[Cr] = 3 2 X 10-’ 

[cr] = 0 51 M 

Precipitation occurs only when 
[cr] = 0 51 M or larger 

Q-8 A 0 20 mole sample of CuCl is added to 

1 0 liter of water How much KCN must 
be added in order to bring all the CuCl 
into solution*? Assume no volume change 
on addition of the solids. 

(Hint What is the maximum jCu^] pos- 
sible m solution? What will the approx- 
imate concentration of Cu(CN) 2 " be when 
all the CuCl has dissolved*?) 

Kd for Cu(CN) 2 " - 1 0 X 10"^® mole®/? ® 

A-8 The maximum possible concentration 
of Cu'*' can be calculated from Ksp of 

CuCl 

[Cu-^] [Cr] = 3 2 X 10"^ mole®/!® 

[Cu"*-] = 5.6 X 10"'‘ M 

When all the CuCl has dissolved, 
[Cu(CN) 2 “] must be 0 20 - 5 6 X 10“* or 
approximately 0,20 mole per liter. 



„ [Cu+][CN-]2 5 6x 10-<fCN']2 

^ 05 

[CN“] = 1 9 X lO"' M 


1 Ox 10“i8 moleVj^^ 

w 

; Q-9 Mercuric ion forms a complex with 
; chloride ion 


HgCl 4 "* ^ 4 4 cr 

Kd ^ 1 0 X 10”5« moleV^<. 

If a solution is prepared by adding 
0.010 mole of (a soluble salt 

which dissociates completky) and 
0.10 mole of KCl to a liter of water, 
what will be the approximate concentra- 
tions of cr, and HgCl 4 ’^ at 
equilibrium? (Assume no volume ’change 
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A-9 Because of the small K^j, very little i 
HgCl 4 “^ dissociates, therefore, HgC^"^ j 
will be very close to 0 010 M The j 
Hg"^^ on the other hand, must be very ■ 
small (much, much smaller than j 

0 010 M) For every mole of Hg’’"^ con- • 
verted to HgCl 4 "^ 4 moles of Cl" are ■ 
required So if [HgCl 4 “^] is close to j 

0 010 M, then 0 040 mole of Cl" must j 

have been converted, making final 1 
[Cr] = 0 10- 0.040 = 0 06 M ; 

- i 


Q-10 Remembering the approximations made 
in the preceding answer, calculate the 
final concentration of Hg’''^ in the solu- 
tion described in the previous question 


A- 10 The approximations made were 
fcr] = 0 06 M 
[HgCl4-2] = 0 010 M 

Kd--B!!m^lOxlO-lW/£^ 

fHgCl4-2] 

= mii^=10xl0-ie 


(0 010 ) 

1 Ox 10“1» 
(0 06 )^ 


= 8x 10-‘^ M 


Q-11 Considering the answer to the preceding 
question, will the final Cl" concentra- 
tion in this solution be nearly the same 
as approximated? 


A-11 fCr] = 0.10 - 4[HgCl4'2] 

fHgCl4-2] = 0.010 - 8 X 10-‘^ = 0 010 M 
Thus, 

(Cl'j = 0 10 - 4(0.010) = 0 06 M 

which is the same as the original ap- 
proximation. 


A- 12 Four moles of Cl" per mole of are 
required to form l4ci4"^ In the prob- 
lem described, only one mole of Cl" 
per mole of Hg'*'’’ is present, therefore, 
the cr will limit fHgCl4"2]. The max- 
imum value of [IfeCl 4 "^] will be 

0 025 M 

From the value of BfeCl 4 "^ it can 
justifiable be assumed that fHgCl 4 "*J 
will be very close to its maximum value 
of 0.025 mole/liter, and that [Cl"] will 
be very small - much, much smaller 
than 0.10 M. If only 0,025 mole of 
HgCl 4 "* is formed, then [Hg"'’*] left in 
solution must be 


Q-12 A solution is prepared by adding 0 10 
mole of Hg(N 03)2 and 0.10 mole of KCl 
to one liter of water Assuming no vol- 
ume change, what will be the final con- 
centration of 

(Hint What is the limiting reagent"? 
What approximations can be made?) 


Q-13 Calculate the concentration of Hg'*'^ and 
Cl” remaining in the solution described 
in the preceding question 

(Hint' Let x = concentration of Cl" in 
the final solution. ) 


1 ^. 


0.10 - 0.025 = 0 08 M 
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A-13 Cl“ IS the limiting ion 

Let X = final [Cr] 

Final [Hg+2] = 0 10 -[HgCV^] 

r-LT -2i (0 10 - x) 

[HgCl4 2] = 

Therefore, 

[Hg+2] = 0 10 - 0 08 

^ _ [Hg-^n[cr]^ 

[HgCl4-2] 

Making the approximations (as in the 
preceding answer) that 

[Hg+2] = 0 08 M and 

[HgCl4'=*]= 0 025 M 

the following equation results 

^ ^ moleV£^ 

^ = 0 3 X 10“^® = 3000 X lO"^® moleVj?^ 
X = 7 X 10-5 ]vi 

tci'ltol ' ’’ ^ “ 

= 0 08 + 0 00002 = 0,08 M 


Q-14 Silver ion, Ag+, forms a complex with 
NHs 

Ag(NH3)2+ - Ag+ + 2NH3 

K(j = 6 X 10" 5 moleVi^ 

If 0 010 mole of AgN03 (a soluble salt) 
is added to one liter of 0 10 M NH4OH, 
what will be the approximate concentra- 
tion of NH3 (NH40 h\ Ag+, and Ag(NH3)2- 
at equilibrium”? 

(Hint What is the limiting reagent”?) 


A-14 From the K(j value, it may be assumed 
that little Ag(NH3)2‘'‘ will dissociate. 
Because the limiting reagent is Ag+, it 
can be approximated that | Ag"*"] (fmal) 
will be very small - much, much 
smaller than 0.010 M, and that 
[Ag(NH3)2'^] (final) will be nearly 0.010 M. 
The concentration of NH3 will be re- 
duced by 0 010 X 2 mole/liter or 

[NH40H]final = 0-10 - 0 02 = 0 08 M 


Q-15 Using the approximations made in the 
preceding answer, calculate the final 
concentration of Ag+ in the solution de- 
scribed in the previous question. 


A-15 




Approximating 

[Ag(NH3)2+] = 0.010 M 
[NH3] = 0.08 M 

Then, 

[ Ag :^( 0 . 08)^ ,^,,.3 

( 0 , 010 ) 

[Ag+] = 9.4 X 10“5 M 

Note that the assumptions were justified. 


Q-16 An excess of solid AgCl is added to one 
liter of 0.1 M NH4OH. 

Kd for Ag{NHs}2’^ = 6 x 10"8 moleVf 

Ksp for AgCl ^ 2.8 x 10-"> moIeV<^ 

Assuming no volume change, what will 
be the product of {Ag’^| [Cl*]? 
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A-16 Ksp = [Ag+][Cr] =2 8xlO-‘'>mole2A2 | q_i7 

This product does not change at con- j 
stant temperature in an aqueous solu- j 
tion Therefore, | 

[Ag+] [C1-] = 2 8 X lO-io moleV£2 j 


A-17 No, the final [Ag+] will not equal the i Q-18 
final [Cl“] In pure water, this would j 
be the case, but with NH 3 present, Ag"*" • 

forms Ag(NH 3 ) 2 ’*’, reducing [Ag"^] so j 

that more AgCl dissolves j 

Agci(s) Ag+ + cr I 

2 NH 3 j 

; 

Ag(NH3)2+ : 


With reference to the preceding question, 
will the final [Ag'*'] = [Cl']*? Why"? 


In reference to the solution described 
in the preceding answer, what can be 
said with regard to final concentration 
of Ag+, Ag(NH 3 ) 2 +, andCr? Which 
concentrations are approximately the 
same 


Therefore, 

[cr] » [Ag+] 




A-18 [cr] ^fAg+j, but 

[Cl-] = [Ag+] +[Ag(NH 3 ) 2 +]. 

Because almost all Ag+ is converted to 

Ag(NH3)2+, 

(Kd = 6x 10-8moleVi^) 

f Ag must be much, much smaller 
than fAg(NH 3 ) 2 ’''], therefore, [Cl"] is 
approximately equal to fAg(NH 3 ) 2 ''^]. 


Q-19 If excess solid AgCl is placed in one 
liter of 0.1 M NH 4 OH, what equilibria 
are involved? What are the equilibrium 
expressions 


A-19 


A-20 


AgCl(s) * Ag+ + cr 

Ksp = [Ag-^lfcr] 

Ag(NH3)2+ Ag+ + 2NH3 


Q-20 


“fAg(NH 3 ) 2 +] 


[AiCNI^Ff 

,Ag j 


Q~21 


Combine the equilibrium expressions 
(Kgp and K^j) in such a way as to elim- 
ina^ a term. 

(Hint; The [Ag"^] is equal in the two 
expressions, ) 


What is the reaction described by the 
expression given in the preceding 
answer ? 


[Ag+](Cri=Ksp j 

fAg+] =i!P_ i 

fci"] j 

Since the [Ag"^] is equal in the two ; 

expressions : 

Ksp Kd[Ag(NH3)2+] \ 

■[crT j 

and i 

fAg(NH3)2+][Cl-] I 
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A-21 2NH3 + AgCl(s) - Ag(NH3)2+ + Cl' 


A -22 Kgp _ [Ag(NH3)2n [CF] 

If _x = moles of AgCl that dissolved, 
then 

X = [Cl-] 
and approximately 

X = |'Ag(NH3)2+] 

The concentration of NH3 = 0 1 - 22C 
because two moles of NH3 are required 
for every mole of Ag(NH3)2'^ ion formed 

Kon W (x) , 

Kdiss " (0 1 - 2x)^ " 

Taking the square root of each side 
yields 

0 1” 2x = ^ 10 “ 

X = 6 X 10 “® M = moles of AgCl 

dissolved 


A -23 The two equilibria involved in this 
system are 

Agl(s) - Ag+ + I- 

Ksp =IAg-^]fI-] 

and 

Ag(NH3)2 ^=Ag%2NH3 

Ka 

[Ag{NH 3 ) 2 " 1 

Solving for (Ag+] in each expression 
and equating the results yields 

Ksp Kd[Ag(NH3)2^] 

in “ 


Ksp _ [Ag(NH,),->]|I-| 

Kd [NH,]' 

The derived equation is for the reaction 
Agl(g) + 2NH3 - r + Ag(NH3)2+ 


chemical equilibrium 


Q -22 By use of the equation in the preceding 
answer, and the appi oximation 
[C 1 -] = [Ag(NH3)2+] (sec A- 18 ) calculate 
how much AgCl will dissolve in one liter 
of 0 1 M NH4OH 

(Hint Let x equal the number of moles 
of AgCl which dissolve. ) 

Kdiss = 6 X 10-« mole“''F’ 

Kgp = 2 8 X lO"'" molo^ 


A -23 Write a single expression for the equi- 
librium involved when an excess of solid 
Agl IS added to a 0.1 M NH4OH solution 

Kgp for Agl = 8 5 x 10 "’ ‘ mole'^ f 

for Ag(NH3)2’ - 6 x 10"* molc^'f ■’ 


Q -24 Wliat approximations can be made for 
[NH3I, |r|, and lAg(NH3)2‘* j for the 
situation described in the preceding 
question? 
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A-24 The very small equilibrium constant 
for the reaction involved indicates that 
very little Agl(s) will be converted to 
Ag(NH 3 ) 2 '^ Therefore, the approxima- 
tion that [NH 3 ] remains constant at 
0 1 M can be made Because of the 
small Kd for Ag(NH 3 ) 2 ''' an approxima- 
tion that all Ag+ is converted to 
Ag(NH 3 ) 2 + IS valid 

fAg(NH 3 ) 2 +] = [r] 


Q-25 Using the approximations given in the 
preceding answer, calculate the amount 
of Agl that would dissolve in one liter of 
0 1 M NH 4 OH 


A-25 (r] (Ag(NH,)i+] 
fNH,]* 

Approximating 


1 X 10-9 


[NH 3 ] = 0 1 Mand 
[f] = [Ag(NH,)j+] = X 

=1x10-* 

X = 3 X 10'9 M = moles Agl which 

dissolve 


Q-26 Cadmium forms a complex with NH 3 

Cd(NH3)4+9 Cd +2 ^ 

= 1 x 10 "'^ moleV-^'* 

If excess solid CdS, 

(Kgp = 6 X 10"^^ moleVj^^ 
CdS(s) s Cd+2 + s-9) 


is added to a 1 M NH 4 OH solution, what 
are the reactions which occur*? Com- 
bine the equilibrium expressions for 
these two reactions into a single expres- 
sion 


A-26 Cd(NH3)4+9 = Cd+9 + 4 NH 3 

CdS(s) - Cd+9 + s-9 

Ksp = |Cd+2](S-'] 

. [Cd-**! [NH,1* 

“ (Cd(NH,)4+*] 

Solving for [Cd'^^j and equating the 
result yields 

Ksp _ [Cd(NH,),*^] [S-*] 

Kd ’ [NHj]' 

= 6 X 10"99 JZVmole^ 


Q-27 What is the reaction described by the 
expression 

R. 10-90 .Vnim.2 jn[Cd(NH3)/^] 

fNH3l< 


A-27 4 NH 3 + CdS(s) i Cd(NH3)4+2 + S' 


Q-28 For the solution described in Q-26 give 
approximate values or relationships for 
the terms 

|NHj], [S'*], |Cd(NH,)4«] and [Cd+*]. 
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A-28 


[NHs] 

[S-2] 


1 M 

[Cd(NH 3 ) 4 + 2 ] » [Cd+2] 


Q -29 


Because of the small constant for the 
reaction given in the preceding answer, 
very little ISIH3 is consumed and approx- 
imately 


Calculate the amount of CdS that will 
dissolve in one liter of 1 M NH4OH. 


[ NH3] = 1 M 

Because of the small K^j for Cd(NH3)4‘'‘^, 
very little Cd"*"^ exists in solution, 1 e , 
Cd'^^] will be very small as compared to 
|Cd(NH3)4'^^] For every Cd(NH3)4'*'^ and 
Cd'*'^ ion formed, a S"^ must form and 
because 


[Cd+2] «[Cd(NH3)4+2] 


then approximately, 

[Cd(NH3)4+'] = [S-2] 






A-29 [S-^1 tCd(HH,)/=] ^ e ,, io-<. (trora 

[NH,]* A-26) 

Letting X = [S“^] = moles of CdS that 

dissolve 

and making the approximation that 

[S-2] = [Cd(NH 3 ) 4 + 2 ] 

[NH3] = 1 M 

then. 



X = 2 X 10 “io M 

Therefore, 2 x 10 ~i» mole of CdS 
dissolved in one liter of solution. 


Q-30 Zinc hydroxide will dissolve in strongly 
basic solution because of the reaction 

Zn(OH) 2 (s) 20H" Zn(OH)4-2 

If the Kdiss tetrahydroxo-zincate (II) 
ion (Zn(OH)4"^) is 10 mole'^ , what must 
the final [OH“} be in order to dissolve 
0 1 mole of solid Zn(OH)2 in a liter of 
basic solution? 

Kgp for Zn(OH)2 - 5 x 10“*^ moleV^ ® 

(Hint: ^ |OH )“ 

%ss(Zn(OH)4-2) fZn(OH)4-5'^i 

Kdiss includes the factor iZn(OH)2(8)l 
What is the lZn(OH)4“® j when all the 
Zn(OH)2(s) h2i8 dissolved?) 


A-30 When all the Zn(OH )2 dissolved, 
[Zn(OH)4-2] ^ 0.1 M 
Let X = [OH"] 


TTT 


10 


x^ = 1 moleV-2^ 

X = 1 M = [OH"] 

A-31 When all the Pb(OH )2 has dissolved, 

[Pb(OH)s-] = 0.2 M 

TT [OHi 

^iss - |pb{OH)3"] 

[OH“] = 50(0.2) = 10 M 




Q-31 The Kdiss for trihydroxo-plumbate (II) 
ion is 50 

Pb(OH)3“ ^ Pb(OH)2{8) + OH" 

What must the final [OH" ) be in order to 
dissolve 0 2 mole of soUa Pb(OH )2 in a 
liter of basic solution? 

Ksp Pb(OH )2 " 4 X 10-*^ moleVf 3 

(Hint: What is [Pb(OH) 3 ” } when all 
Pb(OH )2 has dissolved?) 

Q-32 How much Pb(OH )2 would dissolve in 
10 ml (0.010 liter) of 1 M NaOH? 

(Hint: Let x = Pb(OH )2 that dissolved. ) 
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A-32 [OH"] = 1 - X 

X = [Pb(OH)3"] = amount of Pb(OH)2 

that Will dissolve in 
1 liter of solution 

Kdiss =^= 50 

[Pb(OH)3 ] = 2 X 10“2 M = amount of 
Pb(OH)2 that would dissolve in 1 liter 
therefore, 2 x lO'^ mole would dissolve 
m 10-2 




Q-33 How much solid Pb(OH)2 would dissolve 
in 10 ml of 6 M NH40H‘? 

^%H40H = 1 8 X 10-5 mole/je) 

(Hint What is [OH"] m NH4OH solution?) 


A-33 [OH"] in 6 M NH4OH must be calculated 

^ [NH4+] [OH-] 

*^NH 40 H = ^ = 1 8 X 10-5 inole4 

Let X = fOH-j I Q-34 

= (6)(1 8 X 10-5) niole2/£2 
[OH-] = 1 X 10-2 M 
[OH-] 

"lPb(OH)3-] 

- (1 X 10-2) 

50 

= 2 X 10-'* M 

2 X 10-'* moles of Pb(OH)2 would dis- 
solve in a liter of 6 M NH4OH, and 
2 X lO"® moles would dissolve in 0,01 
liter 


Kpb{OH)3" 

[Pb(OH)s-] 

[Pb(OH)3-] 


= 50 


0 05 gram of Pb(OH)2(s) will dissolve in 
10 ml of 1 M NaOH 

0 0005 gram of Pb(OH)2/o) will dissolve 
in 10 ml of 6 M NH4OH 

Lead hydroxide is amphoteric because 
appreciable quantities of it will dissolve 
in solutions with large OH concentration, 
AI(0H)3 is also amphoteric for 

A1(0H)4- is 2,5 X 10-2. ^iss 

A1(0H)4- - OH- + A1(0H)3 

How many moles of solid Al(OH)j will 
dissolve in 10 ml of 1 M NaOH? How 
many grams? 


2.5 X 10-2 


A-34 [OH”] = 1 - X 

3C = [A1(0H)4-] 

^iss - jAl(OH)4“ 

{AI{0H}4”] = 1 M 

One mole of A1(0H)3 will dissolve in 
1 liter of 1 M NaOH, 0 01 mole will 
dissolve in 10 ml 

0,01 too1oA1(OH) ! < 


Q-35 Sn(OH)2(s) i® amphoteric If the Kdiss 
of Sn(OH)3- IS 2 X 10®, what must [ OH"] 
be in order to dissolve 2 x lO"® mole of 
Sn(OH)2(s) tn 10 ml of basic solution? 

Sn(OH)3- Sn(OH)2 + OH" 




A-35 [Sn(OH)3"] « 2 x lO*"® M 

*^iss ^ 

(2 X 10 5). 

[OH”] = 4.0 M 
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IONIZATION CONSTANTS OF WEAK ACIDS 


Acid 

Equilibrium 

Ionization Constant 
(at 25°C) 

Acetic 

CH3COOH = H+ 4 CH3COO" 

1.85x10-5 

Arsenic 

H3ASO4 = H+ 4 H2ASO4- 

2. 5 X 10“-* 

Dihydrogen arsenate ion 

H2ASO4- = H+ 4 HASO4"" 

5. 6 X 10-8 

Monohydrogen arsenate ion 

HASO4-- = H+ 4 ASO4— 

3.0 X 10"‘8 

Arsenous 

H3ASO3 = H+ 4 H2ASO3- 

6.0 X 10-‘o 

Benzoic 

CgHgCOOH = H+ 4 CgHsCOO- 

6. 6 X 10-5 

Boric 

H3BO3 = H+ 4 H2BO3- 

6 . 0 X 10-^8 

Carbonic 

HaCO, = H+ 4 HCO3- 

4 2 X lO-'f 

Bicarbonate ion 

HCO3' = H+ 4 CO3" 

4.8x I0->‘ 

Bisulfate ion 

HSOr = H+ 4 SO4" 

1.26 X 10-8 

Chloracetic 

CICH2COOH = H+ 4 ClCHaCOO" 

1. 4 X 10-8 

Chlorous 

HClOa = H+ 4 ClOa" 

1 1 X 10-8 

Bicuprate ion 

HCuOa" = H+ 4 CuOa” 

8 X 10-‘< 

Cyanic 

HCNO = H+ 4 CNO-" 

2.0 X 10-< 

Dichloracetic 

ClaCHCOOH = H+ 4 CLCHCOO" 

5. 5 X 10-8 

Formic 

HCOOH = H+ 4 HCOO- 

2. 1 X 10-* 

Hydr azoic 

HN3 = H+ 4 Nj- 

1. 9 X 10-5 

Hydrocyanic 

HCN = H+ 4 CN" 

4.0 X lO-’o 


Hydrofluoric 
Hydrogen peroxide 
Hydrogen selenide 
Hydrogen sulfide 
Bisulfide ion 
Hydrogen teiluride 
Bitelluride ion 
Hypobromous 
Hypochlorous 
Nitrous 

o-Nitrobenzoic 

Oxalic 

Monohydrogen oxalate ion 

Phenol 

Phosphoric 

Dihydrogen phosphate ion 

Monohydrogen phosphate ion 

Phosphorous 

Dihydrogen phosphite Ion 

Propionic 

Salicylic 

Selemous 

Biselenate ion 

Sulfurous 

Bisulfite ion 

Tartaric 

Bitartrate ion 

Telluric 

Bitellurate ion 

Tellurous 

Bitellurite ion 

Aluminum hydroxide 

Antimony hydroxide 

Chromium hydroxide 

Cobalt ous hydroxide 

Bicuprate ion 

Cupric hydroxide 


HF = H+ + F" 

HjOj = H+ + HO2' 

HjSe = H+ + HSe“ 

HjS = H+ + HS“ 

HS- = H+ + S— 

HjTe = H+ + HTe- 
HTe- = H+ + Te— 

HBrO = H+ + BrO" 

HCIO = H+ + CIO- 
HNO2 = H+ + NOa" 

C2H5NO4 = H+ + CaHiNO*- 
HaCaO^ - H+ + HC^O^" 
HC2O4- = H+ + 0264— 
CgHjOH = H+ + CgHjO- 
H3PO4 = H+ + H2P04- 
H2PO4” = H+ + HPO4— 
HP 04 - = H+ + P 04 ““- 
HaPOs = H+ + HaPOs" 

H2PO3- = H+ + HPOs"- 
CaHjCOOH = H+ + CaHjCOO" 
C^HgOj ~ H'*' + CaHjOj” 
HaSeOj = H+ + HSeO,” 

HSeOj- = H+ + Sea- 
H2SO3 = H+ + HSO3- 
HSO3- = H+ + SO3- 
C 4 H 4 <^Ha = H+ + C 4 H 40 iH- 
C4H40i(H“ = + C4H40i- 

HaTe04 * h-*- 4 HTe04- 
HTe04“ = 4 Te04“- 

HaTeOj = 4 HTeOj- 

HTeOs” ^ H+ + TeO,— 
Al(OH)s » H'*' 4 AlOj" 4 HaO 
SbCOH), - H+ 4 SbOj- 4 HaO 
CrlOH), s H+ 4 CrOa' 4 HjO 
Co(OH )2 » H+ 4 HCoOa* 
HCuQa- * H+ 4 CuOa- 
HjCuOj » 4 .HCu 0 a' 


6.9 X 

10 

-4 

2. 4 X 

10 


1. 9 X 

10 

-4 

l.Ox 

10 


1.3 X 

10 


2. 5 X 

10 

-a 

l.Ox 

10 

-n 

2 X 

10 

*1 

3.2 X 

10 


4. 5 X 

10 

» 4 

6. 1 X 

10 


3.8x 

10 


5.0 X 

10“ 


l.Ox 

10“ 

40 

7.5 X 

10’ 

3 

6.2x 

10“ 

-1 

1 X 

10“ 

42 

1. 6 X 

10’ 

4 

7. Ox 

10* 

4 

1. 4 X 

10* 

'1 

1. 1 X 

10’ 


2.7 X 

10* 

"3 

2.5x 

10" 

4 

1. 25 X 

10* 

4 

5.6x 

10" 

•1 

1. 1 X 

10- 

•3 

6.9x 

10- 


6 X 

10- 

-1 

4 X 

10- 

It 

2x 

10“ 

1 

1 X 

10- 

1 

4x 

10- 

11 

1 X 

10- 

11 

1 X 

10- 

11 

8 X 

10- 

m 

8 X 

10- 

H 

l.5x 

10- 

II 
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Acid 

Equilibrium 

Ionization Constant 
{at25°C) 

Lead hydroxide 

Pb(OH )2 = H+ + HPbOj- 
Mn(OH )2 = H+ + HMnOx" 

2 X 10"‘® 

Manganous hydroxide 

1 X 10"‘® 

Mercuric hydroxide 

Hg(OH )2 = H+ + HHgOr 

1 X 10"‘5 

Nickelous hydroxide 

Ni(OH )2 = H+ + HNiO,- 

6 X 10”*® 

Silver hydroxide 

AgOH = H+ + AgO" 

2 X 10"*® 

Stannous hydroxide 

Sn(OH )2 = H+ + HSnOj' 

4 X 10"*® 

Zinc hydroxide 

Zn(OH )2 = 2H+ + ZnC^“" 

Zn(OH) 2 (s) = Zn(OH)++ OH" 

Zn(OH)+ = Zn++ + OH" 

1 X 10“®® 

1 . 2 x 10'*® 

4 X 10"® 


IONIZATION CONSTANTS OF WEAK BASES 


Base 

Equilibrium 

Ionization Constant 
(at25°C) 

Ammonium hydroxide 

NH 4 OH = NH 4 + + OH” 

1. 8 X 10"® 

Methyl ammonium hydroxide 

CH 3 NH 3 OH = CH 3 NH 3 + + OH” 

5 X 10-® 

Dimethyl ammonium hydroxide 

(CH3)2NH20H = (CH 3 ) 2 NH 2 + + OH" 

7 4 X 10-* 

Trimethyl ammonium hydroxide 

(CH3)3NH0H = (CH 3 ) 3 NH+ + OH” 

7. 4 X 10"® 

Ethyl ammonium hydroxide 

C 2 HSNH 3 OH = C 2 H 5 NH 3 + + OH” 

5. 6 X 10-* 

Phenyl ammonium hydroxide 

CgHsNHjOH = CJH 5 NH 3 + + OH” 

4. 6 X 10 -*® 

Hydrazine hydroxide 

HzNNHgOH = H 2 NNH 3 + + OH“ 

9. 8 X 10-® 

Zinc hydroxide 

(1) Zn(OH) 2 {s) = Zn(OH)+ + OH" 

(2) Zn(OH)+ = Zn"*" + OH" 

1 2 X 10-*® 

4 X 10"® 


SOLUBILITY PRODUCT CONSTANTS AT 25° C 


Substance 

Equilibrium 

Solubility Product 
Constant 

Acetates 



Silver acetate 

1 

CH 3 COOAg(s) = Ag+ + CH 3 COO* 

4 X 10-® 

Bromates 



Silver bromate 

AgBr 03 (g) = + BrOj” 

6 X 10 ”® 

Bromides 



Cuprous bromide 

CuBr(g) = Cu+ + Br" 

6 X 10 "® 

4. 6 X 10 ’« 

Lead bromide 

PbBrj/g) = + 2Br” 

Mercurous bromide 

Hg 2 Br 2 (s) = Hg 2 ++ + 2Br- 

1. 3 X 10"®® 

Silver bromide 

AgBr(g) = Ag+ + Br" 

5 X 10"*® 

Carbonates 



Barium carbonate 

BaCOg^gi — Ba"*"*' + CO 3 

1 . 6 X 10 "» 

Cadmium carbonate 

CdC03(g) = Cd-*"^ + CO 3 "" 

5. 2 X 10"*® 

Calcium carbonate 

CaCOjfg) = Ca++ + CO 3 "" 

6 . 9 X 10”® 

C(^lt carbonate 

CoCOjL = Co++ + COj'" 

8 X 10”*® 

Cupric carbonate 

CuCOj g) = Cu++ + COj— 

2. 5 X 10 "*® 

1. 5 X 10 ”*® 

4 X 10"® 

Lead carbonate 

PbCO,(s) = Pb++ + COj"" 

Magnesium carbonate 

MgC03(8) = Mg++ + COj- 
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Substance 


Equilibrium 


Solubility Product 
Constant 


Manganous carbonate 
Mercurous carbonate 
Nickelous carbonate 
Silver carbonate 
Strontium carbonate 
Zinc carbonate 


MnC03(s) = Mn++ + CO3" 
Hg2C03(s) = Hg2++ + CO3- 
NiC03(s) = Ni++ + CO3 — 
Ag 2 C 03 (s) = 2 Ag+ + CO3-" 
SrC03(s) = Sr++ + 003'" 
ZnC03(g) = Zn++ + CO3" 


9 X 10"‘» 
9 X 

1.4 X 10"'^ 

8. 2 X 10-*^ 
7 X 10"^® 
2 X 10" >0 


Chlorides 

Cuprous chloride 
Lead chloride 
Mercurous chloride 
Silver chloride 


CuCLg) = Cu+ + cr 
PbClJfs) = Pb++ + 2Cr 
Hg2Cl2(s) = Hg2+-*- + 2Cr 
AgCl(s) = Ag+ + cr 


3.2 X 10-^ 
1.6 X 10-5 
1. 1 X 10"i« 

2 8 X 10->« 


Chromates 

Barium chromate 
Calcium chromate 
Lead chromate 
Mercurous chromate 
Silver chromate 
Strontium chromate 

Cyanides 

Mercurous cyanide 
Silver cyanide 

Fluorides 

Barium fluoride 
Calcium fluoride 
Lead fluoride 
Magnesium fluoride 
Strontium fluoride 

Hydroxides 

Aluminum hydroxide 
Cadmium hydroxide 
Chromic hydroxide 
Chromous hydroxide 
Cobaltic hydroxide 
Cobaltous hydroxide 
Cupric hydroxide 
Ferric hydroxide 
Ferrous hydroxide 
Lead hydroxide 
Magnesium hydroxide 
Manganese hydroxide 
Manganic hydroxide 
Mercuric hydroxide 
Nickel hydroxide 
Silver hydroxide 
Stannous hydroxide 
Zinc hydroxide 

lodates 

Barium lodate 
Calcium lodate 
Cupric lodate 


BaCr04(s) = Ba'^'^ + CrOi"" 
CaCrOi s) = Ca++ + Cr 04 " 
PbCr 04 (s) = + Cr04 — 

Hg 2 Cr 04 (s) = Hg2+-^ + Cr 04 -- 
Ag2Cr04(s) = 2Ag+ + Cr04~" 
SrCr 04 (g) = Sr++ + Cr 04 — 


8. 5 X 10-“ 
7. 1 X 10-'* 

2.0 X 10->« 

2 X 10-9 
1 9 X 10-“ 
3.6 X 10-5 


Hg2(CN)2(s) = Hg2++ + 2CN- 
AgCN(s) = Ag+ + CN- 


5 X 10-*® 
1.6 X 10-‘* 


BaFjfs) = Ba++ + 2 F- 
CaFjfs) = Ca+-^ + 2F- 
PbFafs) = Pb++ + 2F- 
^£^ 2 ( 3 ) = Mg'+^+ + 2F" 
SrFj^g) = Sr+-f + 2F- 


2.4 X 10-5 
1.7 X l0-'“ 
4 X 10"8 

8 X 10"® 

7. 9 X l0->« 


A1(OH)3(s) = A1+++ + 30H- 
Cd(OH) 2 (s) = Cd++ + 20H- 
Cr(OH) 3 /.N = Cr+++ 4 SOH" 
Cr(OH) 2 )g) = Cr++ + 20H- 
Co(OH) 3 ;g = CO+++ + 30H" 
Co(OH) 2 (g = Co++ 4 20H- 
Cu(OH) 2 (s) = Cu++ + 20H- 
Fe(OH)j(g) = Fe+++ + 30H“ 
Fe(OH) 2 (s) = Fe++ 4 20H- 
Pb(OH) 2 (s) = Pb++ + 20H- 
Mg(OH) 2 \s) = Mg++ + 20H" 
Mn(OH) 2 /g\ = Mn++ + 20H- 
Mn(OH)s)g) = Mn+++ + 30H" 
HgO/g\ + iJjO = Hg++ 4 20H" 
Ni(OH} 2 (s) = 4 20H- 

^gjO/g) 4 IH 2 O = Ag+ 4 OH- 
Sn(OH) 2 (g) = Sn+'+ 4 20H" 
Zn{OH) 2 (s) “ Zn++ 4 20H“ 


5 X 10"®' 

2. Ox 10“‘< 

7 X l0-®‘ 
I X 10"“ 

1 X 10"*® 
2. 5 X 10"’* 
1.6x 10"’* 

6 X 10-®» 

2 X I0"“ 

4 X 10"’* 
8 . 9 x 10"’® 

2 X 10"‘» 
I X lO"** 

3 X lO"** 
1.6x 10“’« 

1 X 10"* 

3 X 10"” 

5 X 10-’® 


Ba(I03)2(s) = Ba"’’'*' 4 21O3" 

Ca0Os)2/e) « Ca++ 4 2ICX- 

Cua05)2(g) = Cu++ 4 2105“ 


1 . 3 x l0-» 
l, 7 x 10"* 
1 . 4 x 10"® 
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Substance 

Equilibrium 

Solubility Product 
Constant 

Lead lodate 

^^(103)2(3) = + 21O3" 

2. 6 X 10"‘3 

Mercuiic lodate 

Hg(IQj)2(s) = + 21O3" 

3 X 10"‘3 

Mercurous lodate 

^§2(103)2(3) = Hg2++ + 21O3- 

1 . 9 x 10"‘^ 

Silver lodate 

AgI03(s) = Ag+ + 103“ 

3 X 10-8 

Iodide s 



Cuprous iodide 

Cul(3) = Cu''' + I" 

1 X 10 “^^ 

Lead iodide 

Pbl2(s) = Pb++ + 21 - 

8 . 3 X 10"8 

Mercurous iodide 

Hg2l2(s) = Hg2++ + 2r 

4 X 10 “^® 

Silver iodide 

Agl(s) = Ag+ + r 

8. 5 x 10 -” 

Thallous iodide 

TU(s) = T1+ . r 

2 . 5 X 10-8 

Oxalates 



Barium oxalate 

BaC 204(g) = Ba++ + C204“" 

1 . 5 X 10-8 

Cadmium oxalate 

CclC 204 (s) = Cd++ + C2O4" 

1 . 5 X 10-8 

Calcium oxalate 

C^C204/g^ = -f C2O4 "" 

1 . 3 X 10-8 

Cupric oxalate 

CuC204/.x = Cu++ + C204"' 

FeC2Q4g = Fe++ + CjO*- 
PbC204 3 = Pb++ + C2O4-- 

3 X 10-8 

Ferrous oxalate 

2 X 10-^ 

Lead oxalate 

8. 3 X 10-^2 

Magnesium oxalate 

MgCjOi/g) = Mg++ + C2O4-- 
Mn2(C20473(s) = 2 Mn+++ + 3C2O4-- 

8. 6 X 10-8 

Manganic oxalate 

7 X 10-20 

Manganous oxalate 

MnC204(s) = Mn++ + C2O4"- 

1 X 10-‘8 

Mercurous oxalate 

Hg 2 C 204 (s) = Hg2++ + C 204 ” 

1 X 10-‘3 

Silver oxalate 

~ 2Ag"^ + 0204"“ 

lx 10-‘‘ 

Strontium oxalate 

SrC204(g) = Sr++ + C204"“ 

ZnC204(g) = Zn++ + C2O4— 

5. 6 X 10-8 

Zinc oxalate 

1. 5 X 10-8 

Sul/aies 



Barium sulfate 

BaS04(g) := Ba++ + SO4- 

1. 5 X 10-8 

Calcium sulfate 

CaS04(s) = Ca++ + SO4" 

2. 4 X 10-8 

Lead sulfate 

PbS04(g) = Pb++ + SO4- 

1. 3 X 10-8 

Strontium sulfate 

SrS04(s) = Sr++ + SO4" 

7. 6 X 10-^ 

ituljides 



Bismuth sulfide 

81283(8) = 2 Bi+++ + 3 S”“ 

1 X 10-20 

Cadmium sulfide 

CdS(s) * Cd++ + S"" 

CoS(g = Co++ + S-“ 

6 X 10-22 

Cobalt sulfide 

5 X 10-22 

Cupric sulfide 

CuS s) = Cu++ + S- 

4 X 10-88 

Ferrous sulfide 

FeS(g) = Fe++ + S" 

PbS g = Pb++ + S'" 

Mn£r(s) = Mn++ + S- 

4 X 10-22 

Lead sulfide 

4 X 10-2* 

Manganous sulfide 

8 X 10-28 

Mercuric sulfide 

HgS(s) = Hg++ + S- 
Hg2S(s) = Hg2++ + S- 
NlS(s) = Ni++ + S" 

1 X 10-80 

Mercurous sulfide 

1 X 10-« 

Nlckelous sulfide 

1 X 10-22 

Stiver sulfide 

Ag2S(s) = 2 Ag+ + S- 

1 X 10-80 

Thallous sulfide 

Tl2S(s) = 2 T 1 + + S" 

1 X 10-22 

Zinc sulfide 

ZnS(g) = Zn++ + S" 

1 X 10-20 

Thiocyanates 



Cuprous thiocyanate 

CuCNS(g) s Cu+ + CNS“ 

Hg2(CN^2(s) = + 2 CNS' 

4 X 10-28 

Mercurous thiocyanate 

3 X 10-20 

Silver thiocyanate 

AgCNS(s) = Ag+ + CNS" 

1 X 10-22 
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DISSOCIATION CONSTANTS OF COMPLEX IONS 


Equilibrium 

Dissociation 

Constant 

AlFg— 

= A1+++ + 6F“ 


1 5 X 10 "“ 

AIF 5 " 

= A1+++ + 5F' 


4. 3 X 10-=“ 

AIF 4 - 

= Al+-*-+ + 4F- 


2 X 10 -‘“ 

Cd(NHj) 4 ++ 

= Cd-''^ + 4 NH 3 


1 X 10-^ 

Cd(CN) 4 "" 

= Cd++ + 4CN" 


1 X 10-‘“ 

Cdl 4 " 

= Cd++ + 41- 


5 X 10-^ 

CdClj" 

= Cd++ + 3cr 


4 X lO-’’’ 

Co(NH 3 ) 6 ++ 

= Co++ + 6 NH 3 


1.25 X 10-5 

Co(NH 3 )e+++ 

= CO+++ + 6 NH 3 


2. 2 X 10-=‘ 

Co(NH 3 ) 5 H 50 +++ 

= CO+++ + 5 NH 3 + 

H 2 O 

1.6 X 10-35 

Co(NH 3 ) 5 C 1 ++ 

= CO+++ + 5 NH 3 + 

Cl" 

1 X 10-38 

Cu(CN) 2 - 

= Cu+ + 2CN- 


1 X I0-‘8 

Cu(NH 3 )+ 

= Cu+ + NH 3 


7 X 10-^ 

Cu(NH 3 ) 2 + 

= Cu+ + 2 NH 3 


1.4 X 10 -“ 

Cu(CN) 4 — 

= Cu"^ + 4CN- 


2 X 10-2^ 

Cu(NHs) 4 ++ 

= Cu++ + 4 NH 3 


5 X 10-‘8 

Cu(C204)2 

= Cu''’+ + 20204 "" 


5x 10 -" 

Fe(CN)e— - 

= Fe++ + 6 CN' 


1 X 10-8' 

re(CN) 6 — 

= Fe+++ + 6 CN- 


1 X 10-« 

FeFj-- 

= Fe+++ + 5F- 


5xl0-‘8 

FeCNS++ 

= Fe+++ + CNS" 


1 X 10-8 

Fe(CNS) 8 “" 

= Fe+++ + 6 CNS- 


' 8 X 10-’" 

PbClj" 

= Pb++ + 3cr 


4.2x10-8 

Pbls" 

= Pb++ + 31" 


3.6 X 10-8 

Mn(C 204 )+ 

= Mn'*'++ + C 2 O 4 -" 


1 X 10-'8 

Mn(C204)2- 

= Mn+++ + 2 C 2 O 4 -" 


^ 2.5x10-“ 

Mn(C204)3"'" 

= Mn+++ = 3 C 2 O 4 — 


7 X 10-8“ 

Hg(CN) 4 -- 

= Hg++ + 4CN- 


i 4 X 10-88 

Hgli" 

= Hg++ + 41" 


! 5 X 10~SI 

HgBr 4 - 

= Hg++ + 4Br“ 


2. 3 X 10-88 

HgCl 4 -- 

= Hg++ + 4C1- 


1 X 10“‘8 

Hg(CNS) 4 -- 

= Hg++ + 4CNS" 


5 X 10-8“ 

Ni(NH 3 ) 4 ++ 

= Ni++ + 4 NH 3 


1 X 10-8 

Ni(NH,) 8 ++ 

= Ni++ + 6 NH 3 


1.8 X l 0 -» 

Ni(CN )4 

= N 1 ++ + 4CN- 


1 X 10-88 

Ag(S03)2” 

= Ag+ + 2SOs" 


2 X 10 -» 

Ag(NH3)2+ 

= Ag+ + 2 NH 3 


6 X 10-8 

Ag(S203)2~"” 

= Ag+ + 2S2C^"" 


6 X 10 -“ 

Ag(CN) 2 '' 

= Ag+ + 2CN- 


1.8 X 10 -‘» 

SnFg" 

= Sn++++ + 6 F" 


1 X l0-‘» 

Zn(NH,) 4 .++ 

= Zn++ + 4 NH 3 


3.4 X 10-‘® 

Zii(CN) 4 ”“ 

= Zn++ + 4CN~ 


1 X 10-‘8 






Chapter 9 


ELECTROCHEMISTR Y 


Pai't I Galvanic Cells and the Nernst Equation 

After completing this section, you should be able to 

a) write the half-reactions occurring at the anode and the cathode of a galvanic cell 

b) calculate the eraf for a cell from the standard electrode potentials of the half-cells 

c) calculate free eneigy changes and equilibrium constants from the emf of a cell 

d) calculate the emf of galvanic cells containing solutions of various concentrations 


Part 11: Electrolytic Cells and Faraday's Law 

After completing this section, you should be able to 

a) write the reactions occurring at the anode and cathode of an electrolytic cell 

b) calculate the amount of material oxidized and reduced by a given quantity of elec- 
tricity. 


Part III: Oxidation Potentials 

After completing this section you should 

a) undei stand the relationship between ionization energy, hydration energy, sublimation 
energy, and oxidation potential 

b) understand why oxidation potentials, unlike ionization energies, show no well defined 
periodic trends. 

Part IV* Balancing Oxidation -Reduction Equations 

After completing this section you should be able to balance oxidation -redaction equations by the 
"haif-reaction" method. 
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PART I: Galvanic Cells and the Nernst Equation 


S-l When a piece of sodium metal is dropped into water, a leaction takes place to yield sodium 
hydroxide and hydrogen 

2Na + 2HzO - 2NaOH + H 2 

In this reaction, electrons are transferred from sodium atoms to water molecules A re- 
action which involves the transfer of electrons is called an oxidation-reduction (redox) re- 
action The substance which loses electrons is said to be oxidized and the substance which 
gains electrons is said to be reduced 


Q-1 In the redox reaction between Na and 
HjO, what substance is oxidized*^ 




A-1 Na Sodium loses electrons 


Q-2 In the previous reaction, Na loses an 

electron to form Na^ Write in equation 
form a reaction showing the oxidation of 
Na. 

(Hint Write the eh'ctron as <*". ) 


A-2 Na Na’*' + e" 


Q-3 In the redox reaction between Na and 
H 20 , what substance is reduced 


A-3 H 2 O Water gains an electron to form 
hydrogen and OH" 


Q-4 The oxidation and reduction ri'actions in 
an electron transfer reaction are called 
half - cell reactions. Write the half-cell 
reaction for the reduction of H;0 In the 
reaction between Na and H^»0. (Is e" a 
reactant or product '0 


A-4 H 2 O + e" - i.H 2 + OH" j Q-5 When a piece of coppt'r metal Is placi*d 

in a solution of silver nitrate (Ag* and 
NOj" ions), silver metal deptisHs on the 
surface of the copper. The redox re- 
action is given by the equation 

2Ag+ 4 Cu ‘ Cu*' ♦ 2Ag. 

Is copper metal oxidized or reduced? 


A-5 Copper loses electrons in forming 
therefore, copper is oxidized. 


Q-6 Write a half - cell reaction for the oxida- 
tion of copper. 


A-6 Cu -*■ Cu"^^ + 2e‘ 


Q-7 In the reaction between Ag* and Cu, are 
the silver ions oxidized or reduced? 






A-7 Silver ions gain electrons in forming 

Ag, therefore, silver ions are reduced. 


Q-8 Write a half-cell reaction for the reduc- 
tion of A]p”lon8. 
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A-8 Ag+ + e‘ - Ag 


A--9 Zn - Zn’^" + 2e“ oxidation 
Cu'^^ + 2e" ‘ Cu reduction 


Q-9 When a piece of zinc metal is placed in 
a solution of copper sulfate (Cu+^ and 
804"^ ions), copper metal plates out on 
the zinc The redox reaction is given 
by the equation 

Zn + Cu+^ - Zn+2 + Cu 

Write the two half-cell reactions labeling 
the oxidation and reduction reactions 


R 




a) reaction. I® ^ 



S-2 Chemical energy can be converted into electrical energy when a redox reaction is carried 
out witli the reactants separated in space and connected only by an electrical conductor 
This type of arrangement is called a galvanic cell Consider the copper-zinc reaction from 
Q-9. The galvanic cell for this system is diagrammed below 



metallic wire 

electrode 

Cu metal 


a) The electrode provides electrical contact between the solutions and the external 
circuit. 

b) The salt bridge is a tube filled with a concentrated solution of KCl or NH4NO3 
which permits electrical contact between the solutions by means of ionic conduc- 
tance (movement of ions) but prevents the solutions from mixing 

c) The voltmeter is a device for measuring the potential for a reaction to take place, 
i. e. , potential difference between the two electrodes 



Q-10 

When the switch is closed, current flows 
through the wire. If copper metal is de- 
posited on the copper electrode, what 
must be happening to the Cu"*"^ ions in 
solution? 

A-iO Cu-*^ ions are diffusing to the Cu elec- 
' trode where they are reduced and be- 
come Cu metal. 1 

% 

Q-11 Write an equation for the reaction 
occurring at the copper electrode 
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A-11 Cu'*'^ + 2e" ■*► Cu j Q-12 If the Kinc olecti ode lost's mass, what 

, : 1 caction must be oeeui i at th<‘ /.me 

This compartment of the cell IS called ; 
the reduction half-cell : tuctiom 

^ » 

— 

t 

A-12 Zn -► Zn"*"^ + 2e~ i Q-13 Current is defined .is the flow of ele< - 

, „ ,, j ! tions. In which dins turn are eleeti ons 

This compartment of the coll is called , flowiiu; throuuh the I'xfeinai circuit of 

the oxidatio?. half-cell j thi* cell desci ibed in S 2'' 

« 


A-13 Electrons flow from the Zn electrode 
through the wire to the Cu olocti ode 
where Cu"^^ ions gain electrons and are 
reduced 


Q-14 Elections are negatividv I’haiged and 

flow from regions of negativt' charg«' to 
regions of positive chai ge On this 
basis, which electiode has a |>ositive 
charge and which elet trodc has a nega- 
tive chargi'** 


A-14 


Electrons flow from the Zn electrodi' to 
the Cu electrode. Therefore, Zn is 
negative and Cu is positive. 




Q-15 As the reaction proceeds, the concentra- 
tion of Cu*' ions »s ilet teased in um* halt 
cell while tin* coiicrntr if ton of Zn*^ ions 
is incre.osed in the other halCcell Kbs - 
: trical neutrality is m.iint.iined in tin two 

: .solutionM, How'* 

# 

: (Hint: Heniember the s.dt tirtrige with a 

; high concent rat ion of K(*l iii H. J 

* 
ii 


A-15 


Electrical neutrality is maintained in 
the two solutions means of the salt 
bridge. K"^ ions will migrate into om* 
cell and Cl" ions into the other 


2n 


KCI 


d ciT 


Q-16 The two electrodes in a g.tlvatuc cell are 
called the ainxle and the cathode Hedw 
tion occurs at the lathnde and oxidation 
at the anode. In the Cu /.n cell, which 
electrode is the aiuxie and whii h Is the 
cathtxle'* 




Cu 


ions 

being formed 




Cu*‘ ions 
being used up 




A-16 


■ MW WWWWWWWWWWWW W WN)i|I^WW**#«1llW N*W W« W)vW WWW *#»««.*> « ** 


Cu electrode is the cathode, 
Zn electrode is the anode. 


Q-n Consider the (oHowing cell 


: metal uJ 


© 


a 


Lh 




/ 


salt lioilge 


its 




AgNO, solution 


A- 


Q 


2n(NO,H solution 


If Ag metal is deposited on the Ag elec- 
trode and the sine electrode loses mass, 
label the anode and cathode. 


X 
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A- 17 Ag - cathode 
Zii - anode 


A-18 A^:*" + e‘ ' Ag 

Zn . Zn'2 , 2e- 


j Q-18 Write the reactions occurring at each 
; electrode 


; Q-19 In which direction do electrons flow 
I through the external circuit? 


A-19 Electrons flow from the zinc electrode 
to the silver electrode 


; Q-20 How IS neutrality maintained in the solu- 
; tions of the two half-cells? 


bridge into : Q-21 Diagram a galvanic cell which would 

the Zn (doctrode compartment, and K'*’ ■ have the overall chemical reaction 

ions flow out of the salt bridge into the • „ , + 

Ag electrode compartment ; 2Ag + Cu Cu+^ + 2Ag 

% 


A-21 


Q-22 Write the reaction occurring at the anode. 



WWMIllltWWMM WPtoVMHIlHMalNa It • V ■ ■ ■ ■ • MHkt* « M ■ M 


A-22 Cu • Cu+® + 2e* 


; Q-23 Write the reaction occurring at the 
• cathode. 




A-23 Ag* 4 e" * Ag 


Q-24 In which direction do electrons flow 
through the external circuit? 
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S-3 


The cell diagrammed in S-2 can be represented schematically as 


Zn I Zn+^ 



Cu 


where a single line represents a phase boundary (i e solid Zn electrode and Zn*"*" ions in 
solution) and a double line a salt bridge By convention, the oxidation half-cel! is written 
first 



Q-25 Represent the coll from Q-17 schemat- 
ically. 

A-25 Zn 1 Zn+2 || Ag+ | Ag 

Q-26 Represent the ct'll from A-21 schemat- 
ically. 

A-26 Cu 1 Cu+2 II Ag+ 1 Ag 

Q-27 Represent schematically a cell which 
has tlie overall reaction 

Sn f * Sn‘‘ < Cu. 

A-27 Sn 1 Sn+^ || Cu+2 1 Cu 

Q-28 Represent scliematic ally a ctdl which 
has tlie overall reaction 

Fe Sn*-* - Fe** Sn 

A-28 Fe |Fe+2 ||Sn+2 1 Sn 



S-4 A difference in potential causes current to flow from an electrode of higher potential to one 
of lower potential. This difference is called the electromotive force (emf). It is measured 
directly with a voltmeter and is given the units of volts. Since tlie absoluti' value for the 
emf of a single half-cell reaction can't be determined, it is related to a reference eli-ctrode 
The reference is the hydrogen electrode which has a defined emf of 0, OOf/*, jj, 0, DO volts) 
The emf of any other electrode reaction can be determined by measuring the emf of a celt 
constructed from the electrode in question and a hydrogen electrode. The following conven- 
tion is used. 

a) The cell is written such that the oxidation half-cell is on the left and if‘ducrion on 
the right 

b) The emf is called positive if electrons flow from left to right through the external 
circuit. 


Q-29 The hydrogen electrode has been chosen 
as the reference electrode in electro- 
chemical measurements. Write a half- 
cell reaction for the reduction of ions. 


A-29 2H+ + 2e~ - H 2 


Q-30 What is the potential for ions to be 
reduced? 
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A-30 


By convention, this has been given a 
value ot zero 


Q-31 


-- 0 00 volts 


A-31 H. * 2H^ 4 2e- 


Q-32 


A-32 0 00 volts 


Q~33 


A-33 


Q-34 



Write a half-cell reaction for the oxida- 
tion of H 2 gas molecules 


What IS the potential for H 2 molecules to 
be oxidized*? 


The hydrogen electrode consists of 
platinum metal immersed in a solution 
which IS T M in H+ 10 ns H 2 gas at a 
pressure of 1 atm is bubbled over the 
electrode Diagram a hydrogen elec- 
trode 


Diagram a cell made up of a hydrogen 
electrode and a zinc electrode in a 
IM Zn(N 03)2 solution 

(Hint Remember the salt bridge ) 


(Tt»c phttirtum metul serves ds dn 
iii(j to tl»e transfer of electrons ) 


A.34 



Q-35 Represent schematically the cell from 
A-34 Assume the overall reaction is 

Zn + 2H+ - Zn+2 + H 2 (g). 

(Hint The hydrogen electrode is repre- 
sented as Pt, H2(1 atm) | H"*" , ) 




A-35 Zn Zn^HlM) H 2 (l atm), Pt 






Q-36 In the cell represented by A-35, the emf 
measured is 0 762 volts. Which way do 
electrons flow in the external circuit*? 


A-30 With the oxidation half-cell written on \ Q-37 What can be said about the relative abil- 
the left, a positive value for emf means j ity of Zn and H 2 to be oxidized*? 

that electrons flow from Zn to Pt. : 
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A-37 A positive value for the emf means 
that Zn has a greater tendency to be 
oxidized than H 2 


Q-38 Represent schematically a cell which 
has the overall chemical reaction 

Cu + 2H'^ - Cu+2 + H 2 (g) 

The concentration of 10 ns and Cu+^ 
10 ns in solution is IM, and the pressure 
of H 2 IS 1 atm 


A-38 

Cu 1 Cu+2(1M) II H+(1M) 

|H2(latm), Pt 

M 

m aapia 

a 

a 

a 

a 

a 

Q-39 

In the cell represented by A-38, the emf 


a 

a 

a 


measured is -0.345 volts. Which way do 




a 

a 

a 

a 

a 

a 


electrons flow in the external circuit 

A-39 

From the Pt electrode to the Cu elec- 

a 

a 

a 

a 

a 

Q-40 

If electrons flow from Pt to Cu in the 


trode. 


a 

a 

a 


cell, write the anode and cathode re- 




a 

a 

a 

a 

a 

a 


actions. 

A-40 

Cu"^^ + 2e" -* Cu 

cathode 

tmm^m 

a 

a 

a 

a 

a 

Q-41 

What can be said about the relative abil- 


H 2 2H+ + 2e- 

anode 

a 

a 

a 

a 

a 

a 

a 

a 

a 


ity of Cu and H? to be oxidized'^ 


A-41 H 2 has a greater tendency to be oxidized. ■ Q-42 



A-42 H 2 (g) + Cu+2 2H+ + Cu : Q-43 


To actually show the reaction that takes 
place in the Cu-H 2 cell, which way 
should the reaction of Q-38 be written 

Represent schematically a cell which 
has the overall chemical reaction of 
A-42. 


A-43 Pt, Had atm) | H+(1M) ||Cu+2(im) | Cu j Q-44 


Will the emf of the cell written in A-43 
be positive or negative? 






A-44 Since the emf of the cell written in the 
opposite direction was negative, re- 
versing the reaction must change the 
sign of the emf. The emf would be 
positive. 


Q-45 The voltage measured using cells that 
have a standard hydrogen electrode as 
one of their electrodes can be used to 
construct a table of potentials. 


Oxidation reaction 

Zn - 2n+* + 2e- 

£(ox)<X2!;i£^ 
+0 762 

Fe - Fe+* + 2e" 

♦0.440 

Sn •* + 2e“ 

♦0.136 

Hi *2H* 4 2e- 

*0.000 

Cu • Cu** + 2e” 

-0.345 

Ag - Ag* + le” 

-0.800 




(For a more complete list see 'Table I 
at the end of this chapter. ) 

The potentials give the tendency for 
oxidation to take place (in a IM solution 
of the ion) relative to that dt hydrogen. 
These are called oxidation potentials. 
Where would the following reaction fit 
into the above table? 

AI -* Al+> + 3e“ » +1.67 volts 

* # p p # * # p * # p P p # H ^ ^ ^ ^ ^ 
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A-45 The Al-Al"^ couple should be above the 
Zn-Zn+^ couple because the table is 
listed in the order of decreasing ten- 
dency to be oxidized The higher the 
positive value of the oxidation potential, 
the greater is the tendency to be oxi- 
dized 

Q-46 Where would the following reaction fit 
into the table listed in Q-45’ 

21“ I 2 + 2e“ = -0 535 volts 

A-46 The T -I 2 couple is listed between the 
Cu-Cu"^^ couple and the Ag-.^+ couple, 

A negative value means the couple is 
less easily oxidized than the 
couple 

Q-47 Which IS more easily oxidized, Cu or 

Ag metal? 

A-47 Cu metal is more easily oxidized. It 
has a smaller negative potential 

Q-48 What should be the potential of the re- 
action 

Ag’*' + le" Ag 

relative to that of the standard hydrogen 
electrode ? 

A-48 The potential is the negative of the 
potential listed in the table 

E'j^iox) = .£^(red) 

£^{red) = +0,800 volts 

The standard reduction potential of 
silver ion is 0 800 volts. 

Q-49 Write the table of oxidation potentials of 
Q-45 in terms of reduction potentials. 


A-49 reduction reaction 

J!(red) Wte) 

Ag'*' + le" ■* Ag 

+0 800 

+ 2e "* Cu 

+0.345 

2H+ + 2e“ - H 2 

0.000 

Sn^ + 26" Sn 

-0.136 

Fe’*'^ + 2e“ Fe 

-0 440 

Zn*^ + 2e“ -*■ Zn 

-0.762 


J .......... 

: Q-50 Which ions are more easily reduced, 
■: Cu+2 or Ag+? 


A- 50 Ag'*’ ions are more easily reduced 
has the larger i?®(red) potential. 


Ag 



Would a half-cell reaction which has a 
low tendency to undergo reduction have a 
high or low tendency to undergo oxida- 
tion’ 
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S-5 The emf for a cell (two half-cells) is calculated by adding together the two standard half-cell 
potentials for the cell One half-cell is written as an oxidation potential, the other as a re- 
duction potential. This is expressed mathematically as 

^ ~ ^ox “^'red • 


Q-52 Calculate the emf for the cell 

Zn I Zn-^2(1M) || Ag+(1M) | Ag . 

(The values for the standard electrode 
potential can be found in Table I. ) 




A- 52 ^zn-Zn+2 “ +0.762 volts (oxidation potential) 
^Xg'^-Ag ~ +0.800 volts (reduction potential) 

= ^(ox) + ^|red) s <5 

E = 0.762 + 0.800 = +1 562 volts ? 


j Q-53 Calculate the emf for the cell 


£ = 0.762 0.800 = ^1 562 VOltS j | j j j 

A-53 •Esn-Sn+2 = +0,136 volts (oxidation potential) 

•®Cu+2-Cu = +0 845 volts (reduction potential) 

E - -Elox) + ^(red) t q ,54 Calculate the emf for the cell 

iS = 0.136 + 0,345 = +0.481 volts : i . ii . i 

o+,oo w OB , Fe|Fe**(lM)|| A«niM)| A« 

A-54 JS|'e-Fe+2 = +0.440 volts (ooctdation potential) 

‘^Ag''"-Ag = +0.800 volts (rediwtion potential) 

^ ^ox) + ^(red) | Q-56 Calculate the emf for the cell 

E = 0.440 + 0.800 = + 1.240 volts * . i . ii « . i _ 


J Q-56 Calculate the emf for the cell 
I Ag I Ag+CIM) II Sii+*(IM) I Sn . 


A- 55 lS^_Ag+ » -0.800 volts (oxidation potential) 

■®Sn+*-Sn * -0.136 volts (reduction potential) 

f ■ fhL", . i «■»« 'w-" » “*»«»• • »'i 

E ■ (-0.800) + (-0.138) « -0.938 volts f indicate? 
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A-56 Electrons flow through the external 

circuit in the reverse direction There- 
fore, the opposite half-cell reactions 
take place spontaneously, 


Q-57 The table of standard potentials can be 
used to predict reactions The emf of 
the cell IS calculated from the standard 
potentials If the emf is positive, the 
reaction will occur as written If the 
emf is negative, the reaction will occur 
spontaneously in the opposite direction 
Will zinc metal react with a solution of 
Cu"^^ lons*^ 


A-57 Zn -* Zn"''^ + 2e" -^Zn-Zn"^^ = 

Cu"*"^ + 20" -*■ Cu '®Cu'*"^-Cu ~ 

^ = -^(ox) + -^Ired) 

E = 0.762 + 0 345 = +1 107 volts 

Yes, zinc metal will react with a solu- 
tion of Cu'''^ ions 


-<■ — 

volts 

volts 

■ 

: Q-58 Could Fe metal be used to prepare 
■ gas from IM HCl’ 


V 


A-58 Fe - Fe+^ + 2e" Ej'g_j'e +2 = +0 440 volts 
2H+ + 2e“ - H 2 ^ 0^° volts 

^ ~ ■®(ox) •®(red) 

E = 0.440 + 0 000 = +0 440 volts 

Yes, Fe metal could be used 


S-6 In Chapter 7, a thermodynamic quantity called free energy change, AG, was shown to be 
related to the spontaneity of a reaction Spontaneous reactions have negative free energy 
changes. Therefore, there must be a relationship between the emf, E, of a cell and free 
energy change. This relationship is 

AG = -n3E, 

where n is the number of electrons transferred in the reaction and 3 is a proportionality 
constant equal to the number of coulombs in a faraday. 

(1 faraday = 6. 02 x 10^^ electrons) 

(1 coulomb = amount of electricty flowing when a 
current of one amp is maintained 
for one second) 

(1 faraday = 96, 500 coulombs) 



Q-59 


Remembering that the relationship be- 
tween free energy change and concentra- 
tion was given in Chapter 7 to be 


AG = AG° + RT 2 3 log 


[product] 

[reactant] 


derive a relationship between emf and 
concentration 


(Hint* AG“ = -n3E°) 
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A-59 AG = -n^E 
AG° = -naB° 

AG = AG° + RT 2 3 log 

[reactant] 

-nae = -n3£” + RT 2 3 log 

[reactant] 

Dividing both sides of the equation by 
-n3 gives 

£ =£• -RT^iog 

n3 [reactant] 

This equation is called the Nernst 
equation 


Q-60 The Nernst equation gives the iciation- 
ship between the emf of a cell and con- 
centration Remenibei mg that t" is the 
standard electiode potential, when would 
£= E°‘> 

(Hint* log 1 ^ 0) 


p • M » m • «* « « » M « 


A-60 


When the ratio of 
[product] 


[reactant] 
and E = E° 


^ 1, log 1 = 0 


Q-61 When measuring the standard oxidation 
or reduction potential, a standard state 
is defined where the conci’istration of all 
species in solution is IM. The concen- 
tration of any solid is given a value of 
one, and the pressun* uf anv gas ts 4H{ual 
to 1 atm. The standard oxidation jxiten- 
tial for hydrogen has ix‘<*n s«*t 4'(tual ttj 
! zero. What is the lU gas pressui e and 

I the ion conct'idration in a solutifut 

j when the emf of this half-cell is (*qual to 

I zero? 

* 


This occurs when the concentrations of 
the reactant and product are the same 


A-61 


Ha - 
E = - 


2H+ + 2e- 
RT2.3 


Q-62 


n3 


log 




When measuring the oxidatifin p4jti>ntial 
of Zn relative to the standard hydrogen 


electrode, what must is* iht* Zn*’ ton 
concentration in a scdutlon for the meas- 
ured emf to be equal to the standard 
oxidation potential of zinc'* 


PHa 

when 

PHj = 1 atm, [H"^] = IM 
E = Ef = 0 volts 


« 
I 


A-62 Zn I Zn+*(?) 1| H+(1M) | H 2 (J atm) 

E = Box + fired 

fi red = = 0 

^ = ^ox = -^Zn-Zn+2 

For the measured emf to be equal to 
the standard oxidation potential of Zn 


^Zn-Zn-*-* ''■®Zn-Zn+* 
[Zn] = 1 


RT2.3 

n3 


log 

^ fZnj 


Defined for standard state 
of solid. 


Therefore, iffi2n-Zn+* 
[Zn+®] must be 1 M. 
^■®bx “ +0-762 volts) 




Za-Zn*-* » 


Q-63 When measuring the reduction potential 
of silver, Ag, relative to the standard 
hydrogen electrode, what must the Ag* 
ion concentration be in solution for the 
measured emf to be equal to the standard 
reduction potential oS silver? 
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A-63 Eiil atm) | H+(1M) || Ag+(?) | Ag 

^ ~ ^ox ^red 
^ox = -^112 -H+ = 0 

^=^red = ^V-Ag 

For the measured emf to be equal to the 
standard reduction potential of silver, 


C’ , rio RT 2 3. 

^Ag+-Ag = -®Ag+-Ag - -r:::— log 


[Ag] 


[Ag] 


“ [Ag+] 

Defined for standard 
state of solid. 


Therefore, if^Ag+.Ag = %*-Ag ’ 
fAg+] must be equal to IM 
tered = +0-800 volts) 


Q-64 Calculate the value of the expression 

(R equals 8.3 joules and T must be in °K) 
(1 volt = joule/coulomb) 


A-64 2.3 RT 


_ (2 3)(8 3)(298°) joule 
96, 500 coulomb 

= 0.059 ■ ^ 

coulomb 

a 0.059 volts 


Q-65 For the half-cell reaction 
Pb - Pb+2 + 2e- , 

what value for n should be used in the 
Nernst equation? 


A-65 n a 2 


Q-66 For the half-cell reaction 
Au+® + 3e" -*■ Au , 

what value for n should be used in the 
Nernst equation? 


A-66 n a 3 


A-6? J&*pb-Pb+* * 0.126 volts 


Q-67 For the Pb Pb+2 half- cell reaction, 
what would the oxidation potential be at 
25°C if the Pb"*^ ion concentration is 
0 OlOM? 

(Hint- E = log .,^2^ 

n l^actant] 

%-pb«= “ ' 






log 


[pb+2] 


n [Pb] 

[Pb] = 1 n = 2 

E a 0.126 -i:|^log [0.010] 

B » 0.126 - (0.030)(-2.0) 
a +0.19 volts 


Q-68 For the half-«€ll reaction Au+® -► Au, 
what would the reduction potential be at 
25®C if the Au+® ion concentration is 
O.IOM? 

^lu«.Au = 


■ wagpiaiiiiaMiiHawMitHwaaaii 
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A-68 £^Xu+3-Au " 1 

p po 0 059,._ [Au] i 

'^red ^red " n [Au+®] j 

[Au] =1 n = 3 j 

p 1 /.o 0 059 , 1 I 

■^red ^ S |-Q jQj j 

= 1 42 - 0 020 (log 10) i 

= +1 40 volts i 


For the Cd"*^ ► Cd half-cell reaction, 
what would the i eduction ixitential be at 
25“C if the Cd^" ion concentration was 
0 OlOM"? 

Cd+2-Cd " 


A—69 Et * ""0 402 volts 


'red 


n [Cd+^J 


[Cd] =1 n = 2 


'red 


= -0 402 - 


0 059 


log 


[0 010 ] 


^red = -0 402 - 0 030(2 0) 
= -0.462 volts 


A-70 Mg I Mg+2 (O.OIOM) || Sn+2 (O.IOM) | Sn 


j Q-70 Represent schematicallv the cell made 
i up of the following half-cell reactimih 

i Mg - Mg*=(0.010M) * 2e 

I E *2.34 volts 

j Sn^'(O.lOM)* 2e- - Sn 

i E -0.136 volts 


« 

« 

« 

; Q-71 Calculate the potentials foi each half- 
j cell and the total emf at 25 C for the 

i cell represented in A-70. 


A-71 Anode 


E = E° 
ox Mg-Mg 


0 059 fMg+2j 

,+2 j^log-p_ 


^ox = --^^log (0 010) 

= 2 34 - 0 030 (-2.0) 

OX 

= +2 40 volts 


Cathode 

p * po 0.059 . 

"red ~'®Sn+^-Sn n 


E 


-0.136 - log 


JM 


fSn+*J 


1 


red 2 *“'’[0.10 1 

^red 

= -0.166 volts 


Q-72 Represent schematically the cell made 
up of the following half-eell reaetions 
at 25’ C. 

Ni * Ni’*(0 lOM) . 2e* 

E *0 2 50 volts 

Hg**{0.10M) » 2e- - Hu 
E‘ . <0.854 volts 


Cell . 


E = 2 40 - 0.166 = +2.23 volts 


A-72 Ni I Ni+2(0.10M) || Hg«(0.10M) | fife 


1 Q-73 

i 

* 

« 

« 

t 


Calculate the potential for each half-cell 
and the total emf at 25 C for the cell 
represented in A-72. 
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A-73 Anode 


P „o 0.059 , [Ni+2] 


n 


[Ni] 


= 0 250 --5-^ log [0.10] 

= 0 250 - (0 030) (-1.0) 

= +0 280 volts 


Cathode 

E . = £° +2 „ 
red Hg+^-Hg 


0.059 , [Hg] 

rTT-,+2i 




= 0.854 -l^log 


[0 10 ] 

= 0 854 - 0.030(1) = +0 824 volts 


Cell 
E == E 


ox ^ "^red 


= 0 28 + 0 824 = +1.10 volts 




Q-74 Calculate the potential for each half-cell 
and the total emf at 25°C for the cell 
represented schematically as 

Pb I Pb+2(o OOlOM) II Pt, Clzd atm) | cr(O.lOM). 

‘®°Pb-Pb+2 "" +0,126 volts 


C12-2C1 


_ = +1 358 volts 


A-74 Anode: 


B = 2 - — ■ log 

Pb-Pb+'^ ” ® 


OX 


n 


[Pb+2] 

"W 


= +0 126 --^i^log [0.0010] 

= 0.126 - 0 030(-3 0) 

= +0.216 volts 


Q-75 Calculate the potential for each half-cell 
and the total emf at 25°C for the cell 
represented schematically as 

Fe I re+3(0.100M) || H+(0.010M) | Pt, Had 0 atm). 

£°j’g_P0+3 - -0 331 volts 


Cathode - 

E = JS® 
red Cl 2 - 2 Cr 


0 059 


n 


= 4.1.36 --^L^log f0.10]2 

= 1.38 - 0.030(-2) 

= +1.42 volts 


Cell: 
E 


ox red 

0.216 + 1.42 = +1.64 volts 


A-75 Anode; 


"ox ^ Fe-Fe+® 


0.059 [Fe+»] 


= -0.331 -5:^ log [0 100) 

= -0.331 - 0.020(-1) 
a -0,311 volts 
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Cathode 

^red ^ ^ 2H+-H2 


0 059 
n 


PH2 


= 0 00 - - 9 - Q — log 

= 0 00 - 0 030(4) 

= -0 120 volts 


1 0 

[0 010]2 


Cell 

E= E + E j 
ox red 

= -0 311 - 0.12 = -0.43 volts 
Reaction goes in opposite direction 


Q-76 For the cell 

Zn |zn+2 ||Fe+2 | Fe, 

combine the and E^ expressions 

into a general expression for the emf of 
a cell in terms of the standard oxidation 
and reduction potentials and the concen- 
tration of the ions in solution 


A- 7 6 Anode 


■®ox " ^ Zn-Zn+=‘ 


0 059 [Zn+2] 

»“ s-[zKr 


n 


E 2 jj +2 = standard oxidation potential 
[Zn] =1 n » 2 

Cathode 


^red "" Fe+^-Fe 


0.059 [Fe] 


F°pe +2 j*g = standard reduction potential 


[Fe] = 1 


Cell 


n = 2 


E = E + E . 
ox red 


E ^ E 


E :=B 


+2 


Zn-Zn' 


Zn-Zn+* 


0.059 

n 


log [Zn+2] + ^Ve^-Pe " 


+ 


Fe+^-Fe 


0,059 , fZn+*] 

loK^fpr]" 


n 


0.059 


log- 


IFe^ 


• Q-77 Write the ceil reaction taking place in 

I Q-76. 

* 

* 


A-77 Zn + Fe-^ Zn+* + Fe 


Q-78 Write the equilibrium expreastun for the 
reaction in A-77. 


MP«PPPPP«pppppPPPpPPPPPM»PP«PAPM«PP«IU*PppP.IUtP*PPPPPPPPPp«tPP|«»»»PPP#PP«PpPP^ttPP»P««PPP«t#P*PW**l«««»PW«#tt«#P#«#P#*««p««WW««PH«IP«tt««Plf««*#f 


A-78 


„ _ [Zn+2] 


pjMP^APMPppi^PpapatppppppppppiPP mmm 


A-79 AG = -n3JS. At equilibrixan AG = 0. 
0 « -nap 

Therefore, £ = 0 at equilibrium. 


Q-79 


m 


Q.80 


Prom your knowledge that AG is equal 
to tern when a reaction ia at equilibrium 
and the relationship between AO and emf 
of a cell (S-6), calculate the cell poten- 
tial when the ions in solution are at 
equilibrium. 


|IK#ppPpl||l«pP«WIW*«ptf ###«#«###«»«« # 


Using the equatlcms from A-7S and A-78 
and die knowledge that £ is aero at 
equilibrium, derive an expression for 
the relationship between standard elec- 
trode potentials and K«q. 
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A-80 


A-81 


^ - ^°Zn-Zn« 


£ = 0 when 


po 0 059 

^Fe+2-Fe “ n 


[Zn^^] _K 

[Fe^ eq 


log 


[Zn+2] 

]Fe+^] 


Q-81 


Therefore, i 

po iir® 

^Zn-Zn+* ^ Fe+2-Fe " ii ^eq ; 
-j 


^ ~ ^ Zn-Zn'*'^ ■*■ ^ Fe+^-Fe 
■^Zn- Zn+2 " ^ ox 


^ Fe+2 Fe "" -®red 
fZn'*'^] = [products] 
fFe’*'*] = [reactants] 
Therefore, 

E 


£” + E° 

ox red 


0 059 


log 


0 059 , [Zn+2] 


[products] 

[reactants] 


Use the equation derived in A-76 to ob- 
tain a general expression for the emf of 
a cell in terms of E°qx, red> [products] 
and [reactants] 


Q-82 Using the expression obtained in A-81, 
derive an equation for the relationship 
between £'°ox’ ■®°red Kgq. 

(Hint- What is F at equilibrium?) 


A-82 


F 0 when 


[products] 

[reactants] 


Therefore, 

F'* + £ * “ 

^ox * red " n 


log Kgq 


Q-83 Calculate Kgq for the reaction of Zn 
with Fe+2 




A-83 


log K . '^°Zn-Zn'^^ ^ Fe^=^-Fe 


^eq 


0.059 




0.32 


11 


Keq = antilog 11 = 1 x 10“ 


Q-84 What does the large value of Kgq in 
A-83 tell about the reaction? 








A-84 This large value of K^g means that the 
reaction goes practically to completion. 


Q-85 Calculate Kgq for the reaction 
Sn + Pb+2 Sn+2 + Pb 

^ Sn-Sn+2 " ® 
pb+^-Ph ” ■“0.126 volts 
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A-85 


A-86 


A-87 


Half-reactions 
Sn + 2e“ 

Pb+2 + 2e- - Pb 


£“ = 0 136 
^ -0 126 


E° + = 0 136 - 0 126 

ox red 


E° +E° 
ox red 


= +0 010 volts 

0 059 ^ 

= n ' 


,, 0 010 n oo 

log Kgq - 0 059/2 " ° 

Keq = 2.1 


Q-86 


Calculate Keq ^or the reaction 

Cd + 2Ag+ - 2Ag f Cd+“ 

(Hint The half-cell for silver is written 
as 2Ag+ + 2e“ 2Ag so that the value 
of n for silver and Cd will be identical 
This doesn’t change the E' value for the 
silver half-cell. ) 

^ Cd-Cd« ■ ° 


Ag+-Ag 


0 7995 volts 


Half -reactions 

Cd - Cd+2 + 2e- = 0 402 volts 

2Ag+ + 2e“ - Ag E° = 0,7995 volts 
= 0 402 + 0.800 
= +1.202 volts 
0 059 


Q-87 Show that the E of the half -cell for silver 
will be identical whether the half-cell is 
written with one electron transferred ot 
two electrons transferred. 


E°_ + E° 


•\ O 

ox 


red 


Ag'*’ f e" 
2Ag* 4 2e‘ 


Ag 

2Ak 


^“ox " ^“red 


n 


log Keq 


(Hint* 2 log X log and 
1 


_ 1 202 
log Kgq = 0.059/2 ~ 

Keq = 10*» 


log ^ log X-* 


-2 log x). 


Remember, Kgq = 


[Cd+2] 

fAg+]2 





For Ag’^ + e" - Ag 

0.059 


E' = E 


Ag+-Ag 


n 


log 


fAg+) 


n = 1 
E’ 


Q-88 Calculate K^q tor Uie reaction 
2Cr + 3Fe*^ • 2Cr** * 3Fe. 
|Cr‘»p 


E' 


E°. 

E 


0.059 
Ag+-Ag T 

o 0.059 


log fAg+l 


■f 1 *-1 


“^V”Ag + 0.059 log lAg-^l 

For 2Ag'*' + 2e" -* 2Ag 

K* — JT*’ _ 0.059 j 1 

^ - -®2Ag-*--2Ag " ~n“ fAiY 

n = 2 

^ ' •®°2A**-2Ag - ^ 

^ =■ 2Ag*'-2Ag * 1A*’1 

Therefore, since 
£“ m E° 

Ag+-,^ 2Ag+-2Ag 


Koq 

pc* 

Cr-Cr’*'* 

Fe-»*-Fe 


jPetJjS 

0.71 volts 
-0,44 volts 


» F 
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A-88 Half-reactions 

2Cr -* 2Cr'*'® + 6e~ £'° = 0 71 volts 

3Fe+2 + 6e- - 3Fe E° = -0 44 volts 
n = 6 

= +0 27 volts 
fCr+3]2 

eq “ ' fFe+^jS 

0.059 , ^ 

n ^eq 


+ E° 

ox red 


log Keq = 0.059/6 ^ 

Kgq = 1027 


Q-89 What does this large value of K tell 
about the reaction’ 


A-89 The reaction goes essentially to com- 
pletion before equilibrium is reached 


Q-90 


Cr metal is placed in a solution with 
[Fe‘ 1 ' 2 ] = 1 0 X 10“3 mole/liter and 
= 0 20 mole/liter Express 
at equilibrium in terms of [Cr+3] 


[Cr+3 
[Fe+2 


at equilibrium (K 0 q = lO^^) 


K„ = I0« 

^ [Fe«]S 

Therefore, at equilibrium 


Fe«] 


Cr+3j2 

-w^ 


Q-91 For the reaction described m Q-90, 
write an expression for the [Cr"’’®] 

(Hint Let x = concentration of Cr+3 
formed in the reaction ) 


A-91 f Cr+3 j = 0.20 mole/liter + x where x 
is the concentration of Cr’*'® formed in 
the reaction. 




Q-92 For the reaction described in Q-90, 
will the concentration x be significant 
compared to the original [Cr"*"®] which 
equals 0 20M’ 


A-92 If all the Fe+2 is reduced only 2/3 of 
0.0010 moles of Cr'*'® will be produced 
Since this maximum concentration of 
Cr ■*■*(0.00066 M} from the reaction is 
much smaller than the original concen- 
tration of Cr'''®(0.20M), it can be neg- 
lected. 


A-93 _ [Cr-^l^ 

If'"*! 

(Fe-^*] =3.4xl0-‘®M 


Q-93 For the reaction described in Q-90, 

calculate the equilibrium concentration 
of Fe"*"® using the approximation that 
[Cr-*-3] = 0 20M 
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PART II: Electrolyttc Cells and Faraday’s Law 


S-l Electrical energy can be converted into chemical energy by using a battciy in the external 
circuit of a cell to act as an electron pump. This type of cell is called an elcctiolytic 
cell, and the process of using an electric current to produce a chemical reaction is called 
electrolysis The electrolysis of molten sodium chloride can be accomplished by the elec- 
trolytic cell illustrated Molten sodium chloride is composed of mobile Na< and Cr ions. 


switch - 



anode 


cathode 


Pt electrode 





s 



molten 

IMaCI 



■ 



Pt electrode 


Q-l The symbol 


|i|i{i|i - 


is used to represent a battery (the elec- 
tron pump). Electrons are pushed from 
the negative pole of the battery to the 
electrode. Will the cathode or anode be 
the negative electrode in an electrolytic 
cell? 


A-1 Electrons are being pumped to the 

cathode making this the negative elec- 
trode 


Q-2 What will be die polarity of the anode'* 
Why'* 








A-2 Positive. The electron pump pulls 
electrons away from this electrode. 


Q-3 The Na* ions will migrate to the nega- 
tive cathode. What reaction will take 
place at this electrode’* Is it oxidation 
or reduction? 






A-3 Na’*" -I- e" Na reduction 


A-4 2Cr •* CI 2 + 2e" oxidation 


Q-4 The Cl" ions will migrate to the positive 
anode. What reaction will take place at 
this electrode’ Is it oxidation or reduc- 
tion’ 


IK #####*> ***f##*# (Him, jinn **#»)((*» 

Q-5 Diagram a cell for the electrolysis of 
molten PeCI|. Show the anode and 
cathode reactions, the flow of electrons 
through the external circuit, and the 
polarity of the electrodes. 
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A-5 



Cathode reaction Fe’*'®+ 3e" Fe (reduction) 
Anode reaction 2Cr - Cla + 2e" (oxidation) 


R a) An electrolytic cell converts elec- 
trical energy into chemical energy. 

b) Redkiction occurs at the cathode which 
is nq^tively charged. 

c) Qxidb^tion occurs at the anode* which 
is positively charged. 



S-2 Electrolysis of aqueous solutions is more complicated Water molecules, as well as the 
ions of the dissolved electrolyte, are present and may be oxidised or reduced according to 
the following reactions. 


2 H 2 O + 2e“ -♦ 20H" + H 2 cathode reaction 

2 H 2 O » 4H’^ + O 2 + 4e“ anode reaction 

In the electrolysis of aqueous solutions of ions, the reactions occurring at the electrodes 
are the reactions tliat have the highest E° values 


1 Q -6 Write the possible cathode reactions 

I which could occur at an inert electrode 

• (e. g , Pt metal) in the electrolysis of 

1 aqueous NaBr 

A -6 1) Na'^ 4 e“ <-Na 

2) EHjO + 2e“ H 2 + 20H'' 

; Q-7 The red value for H 2 O is larger than 

; that for Na Which reaction will occur 

: at the cathode in the electrolysis of a 

• NaBr solution"? 

A-7 HjO Is more easily reduced than Na+ 

(£ fed larger value) so reaction 2 
occurs. 

I Q -8 In general, if the cation of the electrolyte 
: is an alkali or alkaline earth metal, H 2 

: gas is liberated at the cathode What is 

1 the cathode reaction in the electrolysis 

! of an aqueous solution of KNO 3 "? 

A -8 2 H 20 4 2e” * H 2 + 20H“ 

K is an alkali metal. 

: Q-9 What is the cathode reaction for the elec- 
: trolysis of an aqueous solution of CUSO 4 ? 

: (Hint. Refer to Table I, page 423 ) 

A-9 Cu+* 4 2e" ■* Cu 

E'red of Cu’*'* is larger than that of H 2 O 

• Q-10 Write the possible anode reactions which 
; could occur at an inert electrode in the 

; electrolysis of aqueous NaBr 

A-10 1) 2Br" - Brj + 2e- 

2) 2HjO - 4H+ 4. O 2 + 4e" 

: Q-11 The Eqx value for Br~ is larger than 
\ that for H 2 O Which reaction will occur 

; at the anode in the electrolysis of a 

j NaBr solution? 
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A-11 


Br" IS more easily oxidized than H 2 O 
(jBqx larger value) so reaction 1 occurs 
Br" and 1“ are both more easily oxi- 
dized than H 2 O 


A-12 21" - I 2 + 2e- 


Q-12 Write the anode reaction for the elec- 
trolysis of KI 


Q-13 If the anode is not an inert metal, the 
metal goes into solution and electrons 
are passed along in the wire conductor 
What would be the anode reaction if the 
anode were silver metal’ 


A-13 Ag Ag"*" -I- e‘ 


Q-14 Molten Cade is electrolyzed with inert 
carbon electrodes. What is the cathode 
reaction’ 


A- 14 Ca+^ + 2e" - Ca 


Q~15 What IS the anode reaction for the 
trolysis cell described in Q-14’ 


elec 


A-15 2cr - CI 2 + 2e- 


Q-16 An aqueous FeSO^ solution i.s eU'ctio- 
lyzed with inert platinum (dectrodt'S. 

What are the eatliode and anode nutetions’ 


(Hint. In general, if the anion eontains 
oxygen, e.g. , NC^", SO 4 **, HjO is 
oxidized at the an^c. ) 


A- 16 Cathode- 

Fe+2 -I- 2e" - Fe 

Anode 

2 H 20 - 02 4H+ 4e" 


Q-17 An aqueous CuSOi solution is elet trolyzed 
with copper electrodes, What an* the 
cathode and anode reactions? 



S-3 The amount of material undergoing chemical change at an electrode is proportional to the 
quantity of electricity (Q) flowing through the cell 

Q » It 

(I is the current in amperes (coulombs/sec) and t is the time) 
and to the gram -equivalent weight of the substance 

g-eqwt - fttotnic weight 

(n is the number of electrcwis transferred) 

The foregoing statements are the basis of f^raday*s law . 


: Q-18 In the reaction 
I Na+ + e- - Na, 

I what Is the gram -equivalent wel^t of Nt? 
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'?»-23.0g 

Q-19 In the reaction 

Cu+® + 2e- - Cu, 

what is the gram -equivalent weight of 
Cu*? 

A-t9 63 5 „ 

g-tKi 31.8 g 

Q-20 In the reaction 

A1+3 + 3e- - Al, 

what IS the gram -equivalent weight of 

Al? 

A-20 27.0 . » 

g-<'<l -j— 9.0 g 

Q-21 How many electrons would be required 
to reduce one gram -equivalent of Na"*" 
to Na metal ? 

A-2l 6.02 X 10 ® nlectron.s 

Q-22 How many electrons would be required 
to reduce one gram -equivalent of Al"*’® 
to Al metal? 

A-22 6 02 X lO'® eh'i’trons 

Q-23 How many electrons would be required 
to reduce one gram -equivalent of any 
metal ion to the metal? 

A-23 6.02 X 10®® electrons 

Huh mnnlH'i* uf electrons is given a 
H}xTj.iI lume called the faraday. 

Q-24 The faraday is the electrical charge on 
one mole of electrons. Calculate the 
value of the faraday, 3, in coulombs 

(Hint- The charge of an electron is 

1 60 X 10"®* coulombs/electron ) 


A-24 6.02 X 1 1.60 x 10"*^ coulomb 

‘ ' m»U» tif plcHiron 1 


96.300 ccmltintb mole of electron 

The aiTrpted value for the faraday Is 
96,500 I'lwlotnb mole. This value is 
obunied Ijy using four significant fig- 
ures, I, e , 


6 023 X 

1,602 X 10“'* coulomb 

mole 

.olootroa- 


98,500 roulomb^mole 




Q-25 


A-25 I faraday 


Q-26 


96,500 coulomb/g-eq o< element 

L Q-27 


3 ^ 

A-26 I 13 


t"'i^ 


43 


How many faradays are needed to reduce 
one gram -equivalent of any element? 


How many faradays are needed to reduce 
4 gram -equivalents of Cu"^^ to Cu metal? 


If 5.00 faradays of current were passed 
through molten sodium chloride, what 
mass of Na metal would be deposited? 
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A-27 5 003- 

1-g-eq: 

23 Ogof Na _ 

Q-28 If 4 0 faradays of current were passed 
through an aqueous solution of Al^^ ions, 
what mass of Al metal would bo deposited 
on the electrode’ 


13- 

1 -g-eq of Na 

A-28 

4.03- 

I'f-eq 

27 . AT 

-wg of Al 

^ = 36 g of Al 

Q-29 If 193,000 coulomb were pas.sed througli 
a cell containing one liter of aqueous 
solution of 5M Cu+“ ions, what mass of 

Cu metal would be deposited on the 
electrode’ 

1 


13- 

1 -g-e^ of Al 


A-29 

13- 


g of Cu 

193,000 eoiriemb- 

2 


96,500 oouloiftb- 

13- 

1 -f-eq- of Cu 


Q-30 If a current of 5 0 amph is jMsscd through 
a cell for 2 0 hour.s, what quantity of 
electricity is passed throujjh tlie celP 


A-30 


2 04m^ 

60 «HBr 

60 sec 


14»- 

1-HHA- 


Q = It = 


5 0 coulomb 

7200 -see- 

“’643^" 



= 3 6 X 10^ coulomb 


Q-31 How many grams of AI would be depositt'd 
on the electrode using a quantity of <‘ler- 
tricity tKiual to that of Q-30? 








3,6 X 10^ -eeuletab- 

13u 

1 

27.0 , 

g of 


96)506.ooulc>mb- 

13- 

t^^oi Al 


3.4 g of Al 


A-32 First, convert hours to seconds. 

= 7200 sec 


2-fei? 60-flftiB- 

60 sec 

1-fe 

I vwh.4.ii% 

Jk 


The number of coulombs is 
Q = It 

s: 10 coulomb/«6C (7200 «€#) 
= 72,000 coulomb 


Q-32 


If a current of 10 amps is passed for two 
hours through a cell containing 1000 g 
molten NaCl, what mass of Na metal 
would be deposited on the electrode’* 


72,000 eoulomb- 

13 

l-g-eq' 

23.0 g of Ha 


96,So 6 eouiemfa' 

l3- 

1 of Ra 


17 g of m 


; Q-33 A current of ten amps is passed through 
; 1000 g of molten M^l; for 15 minutes 

! (Inert electrodes). Write the equailons 

I for the reactions that occur at the elec - 

; trades. 

t 
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A-33 Cathode 

Mg+2 + 2e- Mg 

Anode 

2Cr - CI 2 + 2e- 


j Q-34 What mass of Mg metal would be de- 
j posited at the cathode if the electrolysis 

: described in Q-33 is carried out"? 


A-34 


Q = 


10 coulomb 

60 ■see- 

j ISSHft- 





= 9000 coulomb 


9000 -eoulemb- 

13- 

1 

94 

g of Mg 


96,500 eoulemb- 

15- 1 

1 -g-e% of Mg 


13 g of Mg 


Q-35 For the electrolysis described in Q-33, 
what mass of CI 2 gas would be liberated 
at the anode 


9000 coulomb 

13- 

1-g-e^ 

71 

— ^ g of CI 2 


96,500 coulomb 

13- 

1 ^-eq: of CI 2 


3 3 g of CI 2 



Q-36 For the electrolysis described in Q-33, 
what volume of CI 2 gas is liberated at 
standard conditions'? 

(R = 0 082 liter -atm/deg-mole) 

A-36 PV = nRT (n = number of moles) 

^ nRT 

V - p 

/ 3,3-fr \ ( n noo liter -atm \ / 

273 -deg) 

= 1,0 liter 

„ Wl-t/sftsle-; 

r mole deg-/ \ 

* l-atm- 

Q-37 A quantity of electricity equal to 4 003 
is needed to plate out a given amount of 
metal If a current of 5 00 amp is used 
in the cell, how long (in hr) will it take 
to plate out the metal ? 

A-37 4.003" 96.500 coulcfmb 

Q-38 An aqueous CdSO^ solution is electro- 
lyzed Write the equations for the re- 
actions that occur at the electrodes. 

13- 

= 386,000 coulomb 

Q = It t = 

OQa AAA 

'V V*A*V***^ 

‘ " 5.00 ooulomb/si 
77,200 see- 1 -hh»- 

— = 77,200 sec 
ec ’ 

^ = 21 4 hr 

eO-ses 

60-m4Tt- 

A-38 Cathode: 

Cd’’’^ + 2e" -* Cd 

Anode: ^ ^ _ 

2 H 2 O - 02 + 4H+ 4- 4e 

Q-39 How long would it take to deposit 2,00 g 
of Cd if a current of 0 250 amp is used*? 
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A-39 2.00. 


1 -^-^ 13. 96,500 coulomb , 3 45 x 10^ coulomb 

- g - of"€d l^€q 13- 


Q = It 


3.45 X 103. 


1 38 X 10 ^ ««€• 


A-40 


3.45 X 10® . 


= 0 200 liter 


= 1 38 X 10^ sec 


irTO^Tsi^ 


= 3 83 hr 


Q-40 An aqueous solution of CdSO^ is electro- 
lyzed and 2 00 g of Cd is deposited 
What volume of O 2 at STP would be 
liberated at the anode 


1-g-eq- 

13- 



a) Q =» It 

b) Gram -equivalent weight 


where n is the number of electroui 
transferred. 

c) One faraday of electricity will piaie 
out one gram -equivalent of any 
element. 

X! tfifSOO coulomb 
m t mole of electrcmi 


PART III: Oxidation Potentials 


Oxidation potentials measure the tendency of a substance to be oxidized in aqueous solution. 
The larger the potential, the more easily the substance is oxidized. Ionization energy is 
the energy necessary to remove an electron from an atom in the phase The higher the 
ionization energy, the more difficult it is to remove the electron. 

K(s) ^ ®"^(aq) + oxidation potential = 2.92 volts 

K(g) ^ K"*?-) + e" ionization energy = 100.1 kcal/mole 


Element 


Oxidation Potential 
(volts) 

+3.02 
+2.71 
+2. 92 
+2.93 
+2. 92 


Ionization Energy 


124.3 

118.5 

100.1 

96.31 

89.78 
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Ionization energy 
the gas phase. 


The substance is in 


Will the tendency for the following re- 
action to occur be measured ty ioniza- 
tion energy or oxidation potential*? 


A galvanic cell is constructed from 
copper and silver electrodes, CuSO^ 
and AgNOs solutions, and a salt bridge. 
If the potential of the cell is to be cal- 
culated, should a table of ionization 
energies or oxidation potentials be con- 
sulted’ Why*? 


Table of oxidation potentials The 
reactions would occur between solid 
metals and an aqueous solution of ions 


According to the table given in S-1, 
which solid metal will oxidize to form 
an ion in solution most easily *? 


Li has the largest oxidation potential 


According to the table given in S-1 which 
gaseous metal will lose an electron and 
form a gaseous ion most easily? 


Cs, because it has the lowest ioniza- 
tion energy 


Accordmg to the table, which metal in 
the gaseous state has the least tendency 
to lose an electron*? Is this metal also 
the most difficult to oxidize to give ions 
in aqueous solutions *? 


Li has the least tendency to lose an 
electron in the gas phase On the other 
hand, Li has the highest oxidation po- 
tential which means it is the most 
easily oxidized to give ions in aqueous 
solution. 


The apparent contradiction indicated in 
the preceding answer may be explained 
by analysis of the following reactions. 


^Hs) ~ 


(1) 

i-Mg) ■* 


(2) 

fe) " 


(3) 


Add the three reactions What process 
does the resultant reaction describe? 


Li(g) Hh HzO -♦ 

Oxidation of solid Li to give ions in 
solution. 


For the reaction given in A-6, will 
ionization energy or oxidation potential 
measure the tendency for the ion to 
form*? 


Oxidation potential, A solid is oxidized 
to an ion in solution. 


Yes, reaction (2). The energy required | Q-9 

to remove an electron from a gaseous : 
atom is the ionization energy. • 


Is the energy required for any of the 
reactions listed in Q-6 measured l?y 
ionization energy? Which one*? 


Sublimation energy is defined as the 
energy necessary to convert a solid to 
a gas Which reaction of those given 
in Q-6 represents sublimation*? 
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A-9 Reaction (1) is the conversion of solid 

Li to gaseous Li 

A-10 The sublimation energy, ionization 
energy of the gaseous atom and the 
hydration energy 

Q-10 When a gaseous ion dissolves in water, 
energy is released, this energy is called 
hydration energy What three energy 
terms are included in the oxidation po- 
tential 

Q-11 If the ionization energy and hydration 
energy of two atoms were the same, 
would the atom with the higher sublima- 
tion energy have the higher or lower 
oxidation potentiaP Why'^ 

A-11 Lower oxidation potential. More 

energy would be required to sublime 
the atom with the higher sublimation 
energy, therefore, this atom would be 
more difficult to oxidize (lower 
oxidation potential) 

Q-12 If the sublimation and hydration energies 
of two atoms were the same, would the 
atom with the higher ionization energy 
have the higher or lower oxidation po- 
tential’ Why? 

A-12 Lower oxidation potential. More 

energy is required to remove an elec- 
tron from the gaseous atom with the 
higher ionization energy; therefore, 
this atom would be more difficult to 
oxidize 

Q-13 If the sublimation energy and ionization 
energy of two atoms were the same, 
would the atom with the higher hydration 
energy have the higher or lower oxida- 
tion potential? 

A-13 Higher oxidation potential More 

energy is released when the ion with 
the larger hydration energy is dis- 
solved in water, therefore, the atom 
would be easier to oxidize. 

Q-14 The sublimation energy for Na is less 
than that for Li. The ionization energy 
for Na is slightly less than that for Li. 
However, the oxidation potential for Li 
is greater than for Na. How can this 
be explained? 

A-14 The hydration energy for Li is much 
greater than for Na. The hydration 
energy is large enough to be the de- 
termining factor. 

Q-I5 Ionization energies of the elements show 
well defined trends. Oxidation potentials 
of the elements, on the other hand, ex- 
hibit only a few well defined trends. How 
can this difference be accounted for? 

t - — - ... . ... 

A- 15 Oxidation potentials are dependent upon 
three energy factors while the ionization 
energy is dependent upon a single en- 
ergy term. 

; - .-f =C ■■■■ ■ ;■ ■ - . ‘ V. 
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PART IV: Balancing Oxidation - Reduction Equations 


S-l In Chapter 2, oxidation-reduction equations were balanced by the "change in oxidation state" 
method A second way of balancing oxidation-reduction (redox) equations, called the "half- 
reaction" method, will now be demonstrated The next several S- statements will be used 
to present the six steps necessary to balance redox equations by the "half-reaction" method 
After mastering these operations, any chemical equation can be balanced by combining the 
SIX steps 

Every redox equation may be conveniently divided into an oxidation and a reduction half- 
reaction These half -reactions are the reactions which occur at the electrodes in an elec- 
trochemical process Each half-reaction can be balanced separately For example, 

Reaction Fe+^ + Mn04~ -*■ Fe"^^ + Mn"^^ 

Oxidation half -reaction Fe'*'^ Fe'*’® + e" 

Reduction half-reaction 5e“ + 8H^ + Mn04" — Mn'*'^ + 4H2O 




K 

j Q-l 

> 

• 

■ 

■ 

1 

■ 

■ 

■ 

« 

• 

Separate the following reaction into an 
oxidation and a reduction half -reaction. 
Do not attempt to balance the reactions. 
Do not add electrons 



■ 

» 

■ 

1 

■ 

■ 

Cu"^ + Ag -* Cu + Ag+ 

A-1 

Cu+ - Cu 

Ag -*• Ag"^ 

■ 

I Q-2 

a 

« 

a 

■ 

• 

M 

M 

a 

J 

Separate the following reaction into an 
oxidation and a reduction half-reaction. 
Do not attempt to balance the reactions 
Do not add electrons. 



M 

a 

« 

■ 

a 

■ 

• 

■ 

NO2" + CTiOf"^ ■* NOg' + Cr+3 

A“2 

NOj- - NO3- 
CrjOt"® - Cr-^ 

■ 

1 Q-3 

« 

a 

a 

a 

a 

a 

a 

a 

a 

a 

Separate the following reaction into an 
oxidation and a reduction half-reaction 
Do not attempt to balance the reactions. 
Do not add electrons 



a 

a 

a 

a 

a 

a 

HaS + HNO3 - S + NO 



a 

a 

II 


A-3 

H2S ”* S 

HNO3 - NO 

\ Q-4 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

Separate the following reaction into an 
oxidation and a reduction half -reaction 
Do not attempt to balance the half- 
reactions. Do not add electrons. 



a 

a 

a 

a 

a 

a 

CIO3" ^ CIO4" + ClOj 


A-4 CIO3- - 0104“ 

ClOj- - ClOz 

Q~5 For the following reaction, write the 
appropriate half -reactions. Include in 
the half-reactions only those species 
undergoing oxidation or reduction. Do 
not add electrons or attempt to balance 
the half-reactions. 


H3ASO4 + HzS HsAsOs + S + H2O 



416 


electrochemistry 


A- 5 H3ASO4 - H3ASO3 

HaS - S 

Q-6 Divide the following reaction into the 
appropriate half-reactions, including 
only the species which undeigo an oxida- 
tion or reduction Do not balance the 
equations or add elections 

Mn +2 + B1O3" - Mn04- + Bi +3 

A-6 Mn+^ - Mn 04 ' 

E The first step in balanchig redoac eqaa- 

' tions by the 'Ibaif-reaction" metihc^ is 

to <Evlde the expiation into the appropriate 
half -reactions. (My species wideli 
uixiergo oxidaiion or re^thm are Hi* 
eluded in the haH^reactions. 

BiOg- - Bi +3 


S -2 The second step in balancing by the "half -reaction" method is to balance all atoms, except 
hydrogen and oxygen, in each of the half-reactions Thus, for the half-reaction Cl" ► Cl;., 
the atoms are balanced to give 2Cr — CI2 




Q -7 

Balance all atoms except H and 0 in the 
following half-reaction 

CraOy-" ' 

A -7 

CraOv'^ 2 Cr +3 

Q-8 

Balance all atoms except H and O in the 
following half -reaction 

Mn+^ - Mn04“ . 

A-8 

Mn+2 - Mn04" 

Q -9 

Balance ail atoms except H and 0 in the 
following half -reaction 

Hg+2 - 

A -9 

2 Hg+2 - Hg2+^ 

, * 4. > 



S -3 The third step in balancing redox equations by the "half- reaction" method Is to balance oxy - 
gen by adding water to the appropriate side of the equation and then adding ions to bal- 
ance hydrogen. To balance the half-reaction Mn04“ -* add four H20 to the right side 
of the equation. This gives Mn04- - 4 4H20, Then add eight ions to the left side 

of the equation to balance the hydrogen 8H^ + Mn04“ * Mn+* + 4H20. 






A-10 HjO + NO 2 " - NO 3 ' + 2H+ 






»««««« 0 ft «l ^ . 




Q-10 Balance 0 and H in the following half- 
reaction 


NO, 


NOj- 




Q -11 Balance O and H in the following half- 
reaction 

CrjO;"’ - 2Cr'*^ 
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A-11 14H+ + CrjOT 2 2Cr+* + 7H2O j Q-12 Balance 0 and H in the following half - 

j reactions 

I HgS - S 

I HNO3 - NO 


A-12 HjS - S + 2H+ 

+ HNO3 - NO + 2H2O 


Q-13 Balance 0 and H in the following half- 
reactions 

HClOj- - HCIO4 

HCIO3 - CIO2 



S-4 The fourtli step in balancing equations by the "half-reaction" method is to balance charges 
by adding electrons (e“) as needed. The number and sign of charges on both sides of a bal- 
anced reaction must be the same. To balance the reaction 

SH-*- + MnO^- - Mn +2 + 4H2O 

five electrons must be added to the left side of the equation 

5e- + 8H+ + Mn04" Mn+^ + 4H2O 
(total charge = +2) (total charge = +2) 

If all four steps have been done correctly, one half-reaction will have electrons on the left 
hand side of the equation (the reduction half -reaction), while the other half-reaction will 
have electrons on the right hand side of the equation (the oxidation half -reaction) 



Q-14 Balance charges in the two half-reactions 
H2O + NO2" - NO3" + 2H+ 

14H+ + CrjOr^ - 2Cr+3 + 7H20 

A- 14 H2O t N02“ - m{ + 2H+ + 2e" \ 

(total charge = -1} (total charge » -1) j 

6e" + 14H+ + 2Cr+® + TEjO I 

(charge = +6) (charge = +6) j 

Q-15 Balance charges in the two half -reactions 
s-2 S 

4H+ + NO3" - NO + 2H2O 

A- 15 S"* ■* S + 2e" (total charge on each : 

side “ —2) * 

3e“ + 4H+ + NOj”* - NO + 2H2O | 

(total charge on each side = 0) : 

Q-16 Balance charges in the two half -reactions 
4H2O + Mn+2 Mn04“ + 8H+ 

B1O3" + 6H+ - Bi+® + 3H2O 

A-ie 4H2O + Mn+* - MnOi’ + 8H+ + 5e“ j 

BiOj" + 6H'^ + 2e- - Bi-^ + SHaO I 

Q-17 In the preceding answer, is Mn oxidixed 
or reduced? 
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A-17 Mn IS oxidized (loses electrons in the 
reaction shown) 

■ 

1 Q-18 Balance charges in the half -reaction and 
i indicate which is the oxidation and which 

I IS the reduction half -reaction 

I c-2 . c 


2H+ 4 As 04-3 - ASO3-3 4 H2O 

1 

A-18 S"^ S 4 2e" (oxidation) 

2e" 4 2H+ 4 ASO4"* - AsOa"® 4 H2O 

(reduction) 

'' la tite fourth step of balancing re** 

''q *, ®(|D0M<*s tht "half-reactttm” 

' V ; », cte^ art baltnctd by add^ 

" SO that the total charge m both 

Wt^tssqufa. ItheflrilfM^™ 
r tort boo» oorrtcHy, oiir^M 

" balf-'r^otloa will hart eltctrottt ti'ira 
f rjpt himd side (oaddatton) wldlt lk%mm 
S; equation will have the tlectrons m th* ’ 

‘ left hand side ol the equation {redaetlaii'^i 


S-5 The fifth step in balancing by the "half -reaction" method is the addition of the two half- 
reactions in such a way that the electrons cancel out For the two half-reactlona 

Fe+2 Fe+® + e" 

5e- + 8H+ + MnOr - Mn+^ + 4H20 

the first reaction is multiplied by five and added to the second reaction to give 

5Fe+^ + 8H+ + Mn04" 5Fe+* + Mn+2 4 4H20 


Q-19 Show how the following half -reactions 
could be added so that electrons cancel 
and then add the equations. 

HjO + NO 2 " - NOj" 4 2H‘ » 2e“ 

6e“ + 14H+ + CrA”® • 2Cr"'® ♦ tHjO 




A-19 3(H20 + N02' -* NOg" + 2H+ + 2e“) 

6e' H- 14H^ + CrzOr"^ 2Cr-^^ + THaO 

3 H 2 O + 3N02“ + 14H‘^ + Cr^a,"^ - 
3 N 03 “ + 6H+ + 2Cr'« + 7H20 


A-20 3(S-2 - S + 2e“) 
2(3e' + 4H+ + NOg" 


NO + 2H20) 


3S-2 + 8ir^ + 2NO3" - 3S + 2NO + 4H20 




Q-20 Show how the following half -reactions 
could be added so that electrons cancel 
and then add the equations. 

S-* - S + 2e* 

3e“ + 4H+ + NOi“ * NO + 2HjO 

(Hint: Both equations need -to be multi- 
plied lay nvmsbers. ) 

Q-21 Show how the following half -reactions 
could be added so that electrons cancel 
and then a<M the equations. 

HjO + CIO," - CIO,- ♦ 4 2e“ 

asF- 4 e" + ClO,“ • CIO, 4 H,0 
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A-21 HjO + CIO 3 ' - CIO 4 ' + 2H+ + 2e' 

2 ( 2 H'^ + 6 “ + 0103 ’^ CIO 2 + H 2 O) 

H 2 O + CIO 3 " + 4H^ + 2 CIO 3 " 

2 CIO 2 + 2 H 2 O + C104~ + 2H+ 

Q-22 Show how the following half -reactions 
could be added so that electrons cancel 
and then add the equations 

4 H 2 O + Mn+2 - Mn 04 " + 8H+ + 5e" 

BiOs" + 6H+ + 2e- - Bi+3 + 3 H 2 O 

A-22 2(4H20 + Mn+2 - Mn 04 ' + 8H+ + Se") 

5 (Bi 03 - + 6H+ + 2e- -* Bi+s + 3 H 2 O) 

8 H 2 O + 2Mn+2 + SBiOs' + 30H+ - 
2Mn04" + 16H+ + 5Bi+3 + iSHjO 



S-6 The final step m balancing equations by the "half-reaction" method is to collect terms The 
balanced equation 

H 20 + CIO3- + 4 H’^ + 20103' ^ CIO4' + 2 H+ + 20102 + 2H2O 

has H2O and indicated on each side of the equation Subtracting one H2O and two H'*' from 
each side of the equation yields 

OIO 3 ' + 2H+ + 20103 ' ^ C 104 ' + 2 OIO 2 + H 2 O 

If an oxidation -reduction reaction is carried out in a basic solution, then enough OH' must 
be added to both sides of the balanced equation to neutralize all the H+ (same number of OH" 
added to each side). The balanced equation for the reaction between Fe'*’^ and Mn04" is 

5 Fe+* + Mn04- + 8 H+ - 5 Fe+® + Mn +2 + 4H2O 

If the reaction had been run in a basic solution, BOH" would be added to each side of the 
equation to yield 

5 Fe +2 + Mn 04 " + 8H2O - 5 Fe +3 + Mn +2 + 4H2O + BOH" 

To complete the balancing, 4H2O should be subtracted from each side. 


Q -23 Collect terms in the following balanced 
equation. 

3H2S + 6 H+ + 2 HNOs - 3 S + 6 H+ + 2 N 0 

+ 4H2O 




A-23 Subtract 8H-* from each side 

3H,S + 2HNQ, -* 3S + 2N0 + 4 H 2 O 

A"24 Subtract SHjO and 16H"^ from each side 
2 Mn^* + 5 BiO,“ + i 4 r - 
2Mn04- + 5 Bi-« + 7H2O 


Q -24 Collect terms in the following balanced 
equation. 

8H2O + 2 Mn +2 + 5B1O3' + 30 H+ - 

2 Mn 04 " + 16 H+ + 5Bi^^ + I5H2O 

Q -25 A reaction was conducted in a basic solu- 
tion. The balanced equation by the half- 
reaction method was 

3N2O4 + Br" + 3H2O - 6NO2" + BrOj" + 6H+ 
What is the correct balanced equation? 
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A-25 Add 60H" to each side and collect terms 

3 N 2 O 4 + Br- + 60H" - 6 N 02 “ + BrOj" 

+ 3 H 2 O 

Q-26 A reaction was conducted and gave a 
basic solution. The balanced equation 
by the "half-reaction" method was 

2N03“ + lOK + 2H+ N 2 + H 2 O + 5 K 2 O 

What IS the correct balanced equation*? 

A-26 Add 20H' to each side and collect terms 

2 NO 3 - + lOK + H 2 O - N 2 + 20H' + 5 K 2 O 

St„ , See S-7. 

' *■ 

S-7 The steps in balancing redox equations by 

a) Separate the equation into half-r€ 

b) Balance all atoms except oxygen 

c) Balance oxygen by adding H 2 O, ba 

d) Balance charges by adding e" 

e) Add balanced half -reactions so e 

f) Collect terms and neutralize H’*' 1 

the "half-reaction" method are 

‘actions 

and hydrogen. 

ilance hydrogen by adding 

- cancel. 

vith OH" if necessary. 


Q-27 Balance the following equation by the 
"half-reaction" method 

S-2 + NOg" - NO + S 

(acidic solution) 


A-27 Step 1 and 2 
S"2 S 

NOj" NO 

Step 3 

S"2 s 

4H+ + NO 3 " - NO + 2 H 2 O 


Q-28 Balance the following (‘quation by the 
"half-reaction" method 

Cr+3 + Na202 ► CrO^” ♦ Nii* 

{basic solution) 


Step 4 

S-2 S + 2e- 

3e" + 4H+ + NOs" NO + 2 H 20 

Step 5 and 6 
3( S‘2 - S + 2e- ) 


2 ( 3e" + 4H+ + NO 3 " - NO + aHaO ) 


aS'^ + 8 H'" + 2 NO 3 " - 3S + 2NO + 4 H 2 O 


« « inm * (* « w ^ ^ 1^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 
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A- 28 Step 1 and 2 
Cr+3 - Cr04‘ 

NajOo > 2Na+ 

Step 3 

4H..0 4 Cr+3 CrOi" + 8H+ 

4H^ + NazOj - 2Na+ + 2H2O 

Step 4 

4HoO f Cr+3 Cr04- + 8H+ + 46“ 
2e" i 4H'^ + NajOj - 2Na+ + 2H2O 

Step 5 and 6 

1( 4 H 2 O + Cr+3 Cr 04 " + 8H+ + 4e') 
2( 2e' -f 4H+ + NaaOa ^ 2Na+ + 2 H 2 O) 

411.0 + Cr+3 + 8H+ + 2Na202 - 
CrO*' + 8H+ + 4Na+ + 4H2O 


Q-29 Balance the following equation by the 
"half -reaction" method 

Zn + NOa" - Zn+2 + NO 2 
(acidic solution) 


Collect terms 

Cr*® * 2Na202 * Cr 04 " + 4Na+ 


A-?9 l(Zn - Zn’^^ + 2e") 

2(N03’ + 2 H'^ -h e~ -> NO2 + H2O) 

Zn ^ 2N03~ + 4H''' -*• Zn’*'^ + 2NO2 + 2H2O 

A-30 2{ Mn 04 " + 4H+ + 3e" ■* MnOa + 2 H 2 O) 

3(H 202 - 02 + ZH-*- + 2e-) 

2Mn04" + 8H'*' + 3H2O2 •* 2Mn02 

+ 4H2O + 302 + 6H+ 


Q-30 Balance the following equation by the 
"half -reaction" method 

Mn04“ + H2O2 - Mn02 + O2 
(basic solution) 


Q-31 Balance the following equation by the 
"half-reaction" method 

NO 2 " + Cr 207‘2 - NO 3 " + Cr+3 
(acidic solution) 


Collect terms 

2H^ + 2 Mn 04 * + 3 H 2 O 2 ■* 2Mn02 

+ 4H2O + 3O2 

add OH" to both sides and collect terms 
2 Mn 04 ‘ f SHaOa 2Mn02 + 2 H 2 O 

+ 3 O 2 + 20H" 


A-31 SCH.O f NO 2 " NO 3 " + 2H'’' + 2e") 

KCraO,"* + 14H^ + 6e~ -* 2Cr'^^ + 7H20) 

3 H 2 O + 3N02“ + CraO,"* + 14H+ ■* 
SNO," + 2Cr+® + THaO + 6H^ 


Q-32 Balance the following equation by the 
"half-reaction" method. 

Cr 02 " + IO 3 " - I" + Cr 04"2 
(basic solution) 




Collect terms 

3 NO 2 " +Cr20T"* +8H+ - 3 NO 3 " + 2Cr+3 + 4 H 2 O 
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A -32 2(Cr02“ + 2H2O - Cr04“^ + 4 H+ + 3 e") : 

l(6e- +IO3- + 6H^ ^ r + 3H2O) I 

2 Cr 02 " + 4H2O +103- + 6H+ -* 2 Cr 04-2 + + 1 " + 3H2O . 

add OH“, collect terms j 

2 Cr 02 " + 20 H~ + lOj" - 2 Cr 04"2 + I" + HjO 

Balance the following equations by the "half-reaction" method 

The final equation obtained in each case should be checked to see if it is balanced. 

Cr207”^ + I2 -► Cr+® + lOs" (acidic solution) 

Pb02 + Cl“ -* CIO" + Pb(OH)3“ (basic solution) 

Mn04"^ — Mn02 + Mn04" (acidic solution) 

HOj" + Cr(OH)3" - Cr04"2 + OH" (basic solution) 

SbHa + Hg2'^^ - Sb + Hg (acidic solution) 

Mn04" + N2H4 - Mn +2 + NHjOH (acidic solution) 

A 1 + NO3" - A1(0H)4" + NH3 (basic solution) 

I2 + H2S - I" + S (acidic solution) 
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Table I 

STANDARD OXIDATION-REDUCTION POTENTIALS, ACID SOLUTIONS 

(After Latimer) 


Potential 

(Volts) 

3 02 
2 92 
2 90 
2 87 
2 71 
2 34 
1.67 
1 05 
0 828 
0 762 
0 71 
0 440 
0 41 
0 402 
0 355 
0 250 
0 136 
0 126 
0.000 
-0.141 
-0 15 
-0 167 
-0 345 
-0.45 
-0.522 
-0.535 
-0. 682 
-0.771 
-0.7986 
-0.7995 
-0. 854 
-0,91 
-0.94 
-1 065 
-1.229 
-1.358 
-1.36 
-1.42 
-1 44 
-1.45 
-1.456 
-1.52 
-1.67 
-1.685 
- 2.01 
-2.07 
-2.85 


Half Reaction 

Li 



r- 

Li+ 

4- 

e“ 



K 




K+ 

+ 

e“ 



Ba 




Ba^^ 

+ 

2 e- 



Ca 




Ca 2 + 

+ 

26 " 



Na 




Na"^ 

+ 

e’ 



Mg 



r— 

Mg 2 + 

+ 

2 e" 



A1 




A13+ 


3e“ 



Mn 



T— 

Mn^"*" 

•f 

2 e~ 



H 2 

+ 

20 H" 


2 H 2 O 

+ 

26 " 



Zn 




Zn 2 + 

4- 

2 e- 



Cr 




Cr3+ 

4* 

3e- 



Fe 




Fe^^ 

4 

2 e- 



Cr 2 + 




Cr3+ 

+ 

e" 



Cd 




Cd=*+ 

4* 

2 e- 



Pb 


SO 42 - 


PbS 04 

4* 

2 e“ 



Ni 




Ni 2 + 

4 

2 e- 



Sn 




Sn 2 + 

4 

2 e" 



Pb 




Pb 2 + 

4 

26 " 



Ha 



;=i 

2 H*^ 

4 

2 e“ 



H,S 



mmik 

S 

4 

2H+ 

4 

2 e" 

Sn 2 + 




Sn<^ 

4 

2 e" 



Cu+ 




Cu^^ 

4 

e" 



Cu 




Cu^^ 

4 

2 e” 



S 

+ 

3 H 2 O 


H 2 SO 5 

4 

4H+ 

4 

4e" 

Cu 



•r~ 

Cu'’^ 

4 

e"* 



2 r 




I 2 

4 

2 e” 



H 2 O 2 




O 2 

4 

2H+ 

4 

2 e“ 

Fe 2 + 




Fe^-^ 

4 

e" 



2Hg 





4 

2 e" 



Ag 




V 

4 

e" 



Hg 




Hg;+ 

4 

2 e" 



Hg 2 '+ 



t— 

2 Hg 2 ‘^ 

4 

2 e- 



HNO 2 

+ 

H 2 O 


NOs' 

4 

3H+ 

4 

2 e- 

2Br- 




Br 2 (f) 

4 

2 e" 



2 H 2 O 



t-* 

O 2 

4 

4H+ 

4 

4e" 

2 cr 




Cl 2 

4 

2 e* 



2Cr*>+ 

4- 

7 H 2 O 

«r— 

Cr 20 r: 

4 

14H+ 


h 6 e“ 

Au 



T-” 

Au3+ 

4 

3e" 



Br- 

+ 

3 H 2 O 


BrOs" 

4 

6H+ 

4 

6e- 

ci- 

+ 

3 H 2 O 


CIO 3 ' 

4 

6H+ 

4 

6e“ 

Pb'*-*- 

4* 

2 H 2 O 


PbOj 

4 

4H+ 

4 

2e- 


+ 

4 H 2 O 

'T-" 

Mn 04 “ 

4 

8H+ 

4 

5e“ 

MHO 2 

4* 

2 H 2 O 


Mn 04 " 

4 

4H+ 

4 

Se" 

PbS 04 

+ 

2 H 2 O 


PbOa 

4 

SOi^’ 


+ 4H‘^ + 2e" 

2 S 04 ='-‘ 



It— 

SA*' 

4 

2e“ 



O 2 

4- 

HzO 

;=i: 

O 3 

4 

2H+ 

4 

2e- 

2F" - F 2 + 2e- 
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NOTES 



Chapter 10 


ACIDS, BASES, AND 
COMPLEX IONS 


Part I Acids and Bases 

After completing this section you should 

a) understand the limitations of the Arrhenius and Bronsted-Lowry definitions 

b) be able to recognize the conjugate acid-base pairs in a reaction 

c) be able to give the relative acid and base strengths of reactants and products from 
the equilibrium position of a reaction 

d) understand the Lewis definition and be able to determine the Lewis acid and base in 
a reaction 

e) be able to predict relative acid-base strength on the basis of the predicted stability 
of ions 

Part n Amphoteric Properties 

After completing this section you should 

a) know the eleven elements which form amphoteric hydroxides and the group of elements 
which form acidic and basic hydroxides or oxides 

b) be able to devise schemes for the analysis and separation of certain metal ions m 
solution 


Part in* Metallic Complex Ions 

After completing this section you should 

a) be able to recognize the metallic ion and the ligand in a complex ion 

b) be able to predict from magnetic moment and X-ray structure determinations which 
orbitals of the metallic ion are involved in bonding with the ligand of a complex ion 

c) know the elements which readily form complex ions, and how complex ion formation 
can be used for the analysis and separation of metallic ions in solution 
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PART I: Acids and Bases 


S-l Through the years, several important theories about acids and bases have evolved The 
Arrhenius, Br ousted- Lowry, and Lewis theories will be considered 

Svante Arrhenius proposed in 1887 that an acid was an aqueous solution with more H+ than 
OH" ions and a base was an aqueous solution with more OH" than H+ ions According to 
Arrhenius, HCl and NaOH formed acidic and basic solutions, respectively, because of the 
dissociation described by the following equations 

HCl " + cr 

NaOH - 0H“ + Na’^ 


Q-1 Acetic acid (CH3COOH) is dissolved m 

water Would Ain-henius have considered 
the resulting solution acidic? Why? 


A-1 


Yes The solution is aqueous and 
contains an excess of H^ ions be- 
cause of the equilibrium 


Q-2 


CH3COOH - H"^ + CH3COO' 


(Hint- Acetic acid dissociates in 
water according to the reaction 

CH3COOH r CHaCOO’ + h') 


Would an aqueous solution of HjS be 
considered acidic according to the 
Arrhenius theory? Why? 








A-2 


Yes The solution is aqueous and 
contains an excess of H"*" 10ns because 
of the equilibrium 

H+ + HS‘ 


HaS 


+ 2H^ 








A-3 No 


Arrhenius defined acids as aque- 
ous solutions containing excess H+. 
His theory is not applicable to non- 
aqueous solutions, gases or solids. 






A-4 


No Pure acetic acid is not an aque- 
ous solution, therefore, it cannot be 
considered an Arrhenius acid. 




A-5 


Yes The aqueous solution would 
contain an excess of OH" because 
of the reaction 

Ca(OH)2 - Ca +2 + 2OH' 






Q-3 Would gaseous HCl be considered an 
Arrhenius ac id ? Why ? 




Q-4 


Would pure acetic acid, a liquid with a 
boiling point of 118 *, be considered an 
acid In the Arrhenius sense? 




Q-5 


A solution of 0 56 g Ca{OH)j in 1000 ml 
of water was prepared. Would the so- 
lution be considered basic by the 
Arrhenius definition? Why? 






Q-6 Gaseous NHj dissolves in water to form 
NH4OH. Would a water solution of 
ammonia (NHj) be considered an 
Arrhenius base? Why? 
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A-6 Yes, because the aq^ueous solution 
contains excess OH" ions 

NH4OH i NH4^ + OH' 


Q -7 Ammonia gas also dissolves m diethyl 
ether (CH3CH2OCH2CH3) Would an 
ether solution of ammonia be considered 
basic in the Arrhenius sense‘s Why? 


A- 7 No, because the Arrhenius defini- 

• 

i 

1 Q-8 

The proton (H^) is much smaller than a 

tion IS applicable only to aqueous 

• 

■ 

H atom and has a very high charge den- 

solutions Diethyl etoer is a non- 

■ 

■ 

sity Would the following hydration re- 

aqueous liquid 

• 

• 

■ 

■ 

■ 

action be expected to occur? Why? 


■ 

■ 

■ 

■ 

• 

■ 

■ 

a 

a 

a 

a 

.. 1 + 

H+ + H^»'^H :: H''2'vh 


A-8 Yes In water, the oxygen atom has 
a partial negative charge and has two 
pair of unshared electrons The pro- 
ton would be strongly attracted to the 
oxygen in water 


Q-9 The equilibrium constant for the reac- 
tion given in Q-8 is very large Would 
H+ or H3O+ be present in higher concen- 
tration in an aqueous solution of HCl ? 
How do you know ? 


A- 9 H30'*' is present in higher concen- 

tration ^ practical purposes 
ii! not exist m aqueous solu- 
tion, The large equilibrium con- 
stant indicates that the [H30+]/[H’^] 
ratio IS very large 


Q-10 If the hydrated proton is represented as 
HsO"*" (referred to as hydronium ion), 
write the chemical reaction which occurs 
when gaseous HBr is dissolved in water 


A- 10 + H2O 


H3O+ + Br' 


j Q-11 Write the chemical reaction which occurs 
j when acetic acid (CH3COOH) is dissolved 

• in water 


A - 11 CH3COOH + H2O = H3O+ + CH3COO' 


A - 12 NH3 + HjO ? + OH" 

A - 13 Water loses a proton, and ammonia 
gains a proton 


A - 14 Water gains a proton and HBr loses 
a proton. 


j Q-12 When ammonia dissolves in water, 

; hydroxyl 10ns (OH") and ammonium 

j 10ns (NH4''') are formed 

• Write the chemical equation which 

j indicates the reaction between 

• ammonia and water 


j Q-13 In the reaction of ammonia with water, 
j does the water gain or lose a proton? 

I 

; Q-14 In the reaction of gaseous HBr with 
: water (A-10), does the water gain or 

j lose a proton? 
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S-2 In 1923 the Danish chemist Bronsted and the English chemist Lowry independently defined 
acids and bases in more general terms The Bronsted- Lowry theory defines an acid a 
proton donor and a base as a proton acceptor 


Q-15 


In the reaction 



+ H 2 O H 3 O+ -I Cl 


HCl functions as a Bronsted- Luwi v 
acid Why? 


A- 15 HCl donates a proton to water 


Q-16 In the reaction of gaseous HCl with 
water, what is the solvent (water) 
considered in the Bronsted- Lowry 
sense? 


A-16 Since water accepts a proton, it is 
considered a base in the Bronsted- 
Lowry sense 


Q-17 In the reaction 

NH, + HjO NH,' f OH", 

which reactant, NH 3 or H.>0, is eonsuL 
ered the Bronsted- Lowry base''^ Arul*^ 
Why? 


a If «| • |l f « f « ■ ■ » 9 1 i JI.III P I H ^ jmai I, « y I D ll;g gl, H P ^ B 


A-17 NHs accepts a proton from water 
Therefore, NH 3 is a base and H 2 O 
1 ^ an acid 


Q-18 When HBr gas is bubbled through ti i- 
ethylamine. (CHaCHalsN:. the following 
reaction occurs 

(CH3CH2)3N. + HBr 

(CHgCHnlsNH* ♦ Br 

Which reactant would be considered a 
Bronsted- Lowry acid? Base? Whv'^ 




A- 18 In the reaction, HBr donates a pro- 
ton I^ IS ^ acid Tnethylamme 
accepts a proton ‘*lCH 3 CH 2 ) 3 N is the 
base 


Q-19 For the reaction given in Q48, what 
would be the Arrhenius acid? 


A-19 Since the reaction occurs in a non- 
aqueous system, the Arrhenius 
definition of acids is not applicable. 
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S-3 When an acid loses a proton, a basic ion is formed Thus, when the acid HBr ionizes, 

HBr s: H+ + Br- 

the basic ion Br" is formed When the basic ion Br" accepts a proton, the acid HBr is 
formed The acid HBr and ion Br“ are said to be a conjugate acid-base pair The Br" ion, 
which can accept a proton to form an acid, is called the conjugate base, while the acid 
formed is called the conjugate acid 



Q-20 The ionization of nitric acid is repre- 
sented as 

HNO3 ^ + NOs" 

HNO3 is said to be a conjugate acid and 
NO3" is said to be a conjugate base In 
terms of loss or gain of a proton, how 
are conjugate acids and conjugate bases 
related? 

A-20 A conjugate acid forms a conjugate 
base by the loss of a proton A 
conjugate base forms a conjugate 
acid by accepting a proton 

Q-21 In the reaction of a proton with water, 

H+ + H2O 5: H3O+, 

water is considered the conjugate base 
What must be considered the conjugate 
acid‘s 

A- 21 HsO"*" must be considered the conju- 
gate acid When H3O+ loses a pro- 
ton, it forms H2O, the conjugate 
base 

Q-22 Perchloric acid dissociates in water 
according to the reaction 

HCIO4 + H2O - H3O+ + CIO4- 

In this reaction, HCIO4 functions as a 
Bronsted- Lowry acid What is the con- 
jugate base of HCIO4 

A-22 The conjugate base of HCIO4 is C104" 

Q-23 For the reaction given in Q-22, what is 
the relationship between HaO and HsO'^ ? 

A-23 H20 is a conjugate base (proton ac- 
ceptor) and is a conjugate acid. 

Q-24 For the reaction of phosphoric acid with 
water, 

H3PO4 + H2O s: H3O+ + H2PO4", 
give the conjugate acid-base pairs 

A-24 H3PO4 IS the conjugate acid of the 
conjugate base H2PO4" H2O is the 
conjugate base of the conjugate acid 

H3O+ 

Q-25 For the reaction of triethylamme, 
(CH3CH2)3N , with HBr (see Q-18), 
what are the conjugate acid-base 
pairs? 

A-25 HBr is the conjugate acid and Br" is 
the conjugate base. Triethylamme is 
the conjugate base and (CH3CH2)3NH''' 

IS the conjugate acid 
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S-4 In a reaction involving the transfer of a proton, the weaker acid and the weaker base will 
tend to form In the reaction of a strong acid HA with the strong base B , 

HA + B" HB + A“ 

the weaker acid HB and the weaker base A" will be formed 


A-26 Water is a weaker acid than acetic 
acid 


A-27 Acetate ion is a weaker base than OH 


: Q-26 The reaction of acetic acid with OH" 

i ion goes nearly to completion 

: CH 3 COOH + OH" CH 3 COO' + H 2 O 

■ 

i What IS the relative acid strength of 

I water and acetic acid? 

N 

0 

- - - 

tl 

» 

j Q-27 What IS the relative base strei^th of 

1 CHaCOO" (acetate ion) and OH ^ 

M 

■f- * 

<1 

; Q-28 The reaction of ammonium ion 

: with water shifts far to the left 

■ 

I NH/ + HaO-^HjO^ ^ NHj 

j What is the relative base strength of 

• ammonia and water ? 


A-28 Because reactions tend to form the 

weakest acid and base, ammonia must 
be a stronger base than water 


A-29 Reactions tend to give the weakest 
acids, therefore, H 2 SO 4 must be a 
weaker acid than HCIO 4 


A-30 Sulfuric acid is a stronger acid than 
acetic acid 




Q-29 The reaction 

HCIO 4 + HS04‘-^H2S04 t ClOi" 

shifts far to the right. 

Which is the stronger acid, HaSOi or 
HCIO 4 ? How do you know ? 


Q-30 


The reaction 
O 

CH3COH + HSO4’ 


H2S04 


O 

♦ CHjCO' 


shifts far to the left. Which is the 
stronger acid, H 2 SO 4 or acetic acid? 




A-31 H 2 S 04 IS a stronger acid than HCl, 


Q-31 The reaction 

H 2 S 04 + Cr-3=^HCI ♦ HSO 4 * 

shifts far to tise right. Which is the 
stronger acid, HCl or HjSOi ? 

Q>32 When HCi is added to a solution of bi- 
carbonate ion (HCOj’l. COa is formed 
because of the decomposition of H^COj 

HCl + HCQi" HjCOi ♦ Cl- 

H*CC^ CO| + HjO. 

Which is the stronger acid, HCI or 
HjCQ,? 
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A-32 HCl IS the stronger acid Because 
H 2 CO 3 IS formed, the reaction 

HCO 3 - + HCl^HjCOa + Cr 

must shift far to the right, indicating 
H 2 CO 3 is the weaker acid 




Q-33 When acetic acid is added to a solution 
of bicarbonate 10 ns, CO 2 is formed 
Which acid is the stronger, CH3COOH 
or HzCOs ? 


A-33 Acetic acid is the stronger acid 


Q-34 When phenol (CeHsOH) is added to a 
solution of NaOH, the reaction 

CgHgOH + OH'-^CgHgO' + H2O 


shifts far to the right Which is the 
stronger acid, water or phenol‘s 


A-34 Phenol is a stronger acid 


Q-35 When phenol is added to a solution of 
bicarbonate ion, little CO 2 is formed 
Which acid is the stronger, H 2 CO 3 or 
CgHgOH? 


A-35 H 2 CO 3 is the stronger acid The 
reaction 

HCO3- + CbHs 0H'^H2C03 + CsHgO" 
shifts far to the left 


R < trajDLStei: rtaoMwa tend 


' Closed in diis secern is 
_ ^ HplO* 



S-5 Water is a weak acid but forms a very strong conjugate base (OH") Perchloric acid (HCIO 4 ) 
IS a very strong acid, but forms a very weak conjugate base (ClOi") Strong acids form 
weak conjugate bases and weak acids form strong conjugate bases 



Q-36 In comparison to water, NH 3 is a very 
weak acid Compare the strength of 
the bases OH" and NH 2 " 

A-36 The base NH 2 " is stronger than OH" 

Weak acids form strong conjugate 
bases. 



Q-37 Ammonia is a much stronger acid than 
methane (CH4) or ethane (C2He) Com- 
pare the strength of the bases NH 2 " 
and CH3" 

A-37 The CH 3 " ion must be a stronger base 
than the amide ion (NHa") 

Q-38 Amide ion (NH 2 ") is added to water 

What will the reaction be? Indicate 
the predominate direction for the 
equilibrium. 
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A-38 NH 2 “ + HaO^OH" + NHg 

OH' IS a weaker base than NH 2 
NHs IS a weaker acid than H?0 


Q-39 K CHg" ion is added to liquid ammonia, 
what IS the reaction"^ Indicate the pi e- 
dominate direction foi the equilibrium 


A-39 CH,' + NH,-^CH, + NH, 


Weak acids yield strong conjugate bajses, 
Strong acids yield weak conjugate bases. 


Lewis, an American chemist, proposed a much moie general definition for acids .ind bases 
Acids are electron pair acceptors and bases are electron pair dunoi s In the reaction ot a 
proton with water, the proton accepts a pair oi electrons from the oxygen ot watei (arts as 
an acid) and the water donates a pair of electrons to the proton (acts as a base) 


Q-40 In the 1 eaction 

NHg + H+ - NH,' 

does NHg act like a Lewis acid m base'^ 



Why'^ 


A-40 Base It is an electron pair donor 


Q-41 In the reaction 

Ag^ 1 cr AgCl, 

would chloride ion lie consuitued a Lewis 
base'' Why"'* 


A-41 Chloride ion is a Lewis base in this 
reaction It donates electrons to 
silver 


Q-42 In the reaction 

SnCl 4 t 2cr - SnCl„*‘ 

would SnC'lj lie cunsitlered a Lewis 
base'^ Why'-’ 


A-42 No SnCl 4 acts as an electron acceptor, 
a Lewis acid 


Q*43 In the reaction 


(CHglgN 1 B-CHt (('}{,), N B Vli, 

CH-i nfj 

which molecule actn as the Lewis hasi 


A-43 (CHg)gN donates electrons to B(CHg 


Q 44 B{CH3)3 18 an electron aceepfni , .i 1 1 

acid How many eleeirons du» h ihi 
boron atom have in its tmisuh shi IJ in 
trimelhyl boron, BtCHjJ, ' 




A-44 Six 


Q-45 How many eleetrimM dots aluminum 
have in Us outermost shell in the 


B X CHg 
CH, 


compound AICI 3 ? 
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A-45 six 

■ 

1 Q-46 

Both (CH 3 ) 3 B and AICI 3 can act as 

Cl 

X 

■ 

II 

Lewis acids Why can the central 

■ 

■ 

atom in these substances accept a 

Alx Cl 

■ 

M 

N 

■ 

m 

pair of electrons'^ 

X 

Cl 

m 

m 

M 

■ 

■ 

■ 

■ 



A-46 The central atoms (B, Al) have only 
SIX electrons in their outside shell 
By accepting an electron pair, the 
octet IS completed. 


Q-47 In the following compound, which atom 
would you expect to act as electron 
acceptor‘s Why'S 

Cl Be Cl 


A-47 Be, because it has only four electrons 

■ 

\ Q-48 

For the following compound, which atom 

in its outermost shell Gaming t^ro 

■ 

li 

would you expect to function as as elec- 

electron pairs would complete the octet 

■ 

m 

m 

m 

tron acceptor ? Why'^ 


m 

m 

m 

M 

■ 

m 

H 

X 


m 

m 

• 

m 

■ 

C 5 Mgo Br 

X 


■ 

R 

R 

R 

H 

R 

R 

H 

methylmagnesium bromide 


A-48 Mg, because it has only four electrons 
in its outermost shell Gaming two 
electron pairs would complete the octet 


Q-49 Dimethylether acts as a Lewis base 
Which atom functions as the electron 
donor? Why? 


H 


H 

X X 


H X C 

X 

H 


C X H 

X 

H 


A-49 Oxygen, because it has two pairs of 

i 

V 

1 Q-50 

Will the following compound function as 

unshared electrons which it can share 

v 

II 

a Lewis acid or base? Which atom(s) 

with or donate to a Lewis acid. 

R 

R 

■ 

R 

IS responsible for the property? 


R 

R 

■ 

R 

k 

H 

X 


R 

R 

R 

Hx 0== Cl 


H 

■ 

R 

R 

R 

R 

X 

H 

methyl chloride 


R 

NWHI&kMkMHMkkkkR* 



A- 50 Lewis base. Cl acts as the electron 
donor because it has three pairs of 
unshared electrons to donate to a 
Lewis acid. 


Q-51 


Each of the following compounds can 
function as a Lewis base Why ? 






A- 51 Each compound contains an atom with 
unshared pairs of electrons These 
electrons can be shared with a Lewis 
acid. 

CHsOH, CHjNHz, CHjF ' 




Q-52 


CH 3 OH 

methyl alcohol 
CH 3 F 

methyl flouride 


CH 3 NH 2 

methylamine 






Which of the three compounds mentioned 
in Q-51 would be the best electron donor? 
Why? 

(Hint What are the electronegativities 
of the basic atoms ? ) 
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A- 52 The best donor is CH 3 NH 2 and the 
poorest is CH 3 F The electronega- 
tivity of F IS greater than 0 which is 
greater than N F holds its electrons 
very tightly 

Q-53 Which of the following compounds would 
you expect to be the best Lewis base ’ 
Why^ 

CH 3 CH 2 OCH 2 CH 3 
diethyl ether 

CH 3 CH 2 NCH 2 CH 3 

H 

diethylamine 

A- 53 Diethylamine Nitrogen has a lower 
electronegativity than oxygen 

Q-54 Which of the following species would 
you expect to be most basic in the 

Lewis sense? Why‘^ 

OH" or F" 

A- 54 OH" IS a much better electron donor 
than F" 

Q-55 Arrange the following Lewis bases m 
order oi, increasing electron donor 
ability 

CHa", NH 2 ", OH", F" 

A- 55 most 

least 

basic (best donor) CH 3 " 

NHj- 

OH" 

basic F“ 

Q-56 In view of the answer to Q-55, 

what would the order of acid strength 
be for the acids 

CH 4 , NH 3 , H 2 O, HF 

A- 56 most 

least 

acidic HF 

H 2 O 

NH 3 

acidic CH 4 

‘ ‘ * '* It- -f i 

kJf B mMM Mm miii 

fejf mitlr ttwliiiii* ' * 


S-7 The base strength of negative ions will be inversely proportional to the stability of the ion. 
The F' ion is more stable than the CHs" ion and F is a weaker base than CHj". For the 
series CH3", NH2~, OH", F", the relative base strengths and, consequently, the relative 
stabilities of ions can be predicted from the electronegativity of the central atom, As 
electronegativity increases, the stability of the ion Increases, Another factor affecting 
stability of 10 ns is the distribution of charge in the ion. Distribution of charge in a large 
volume tends to stabilize the ion Thus, all other things being equal, large Ions ai‘e more 
stable than small 10 ns. 


Q-57 Consider the ions, F', Cl’, Br“, r. 
On the basis of electronegativity alone, 
which ion is mosr st&ie? Whl^ ton ts 
the best electron donor? 
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A- 57 F" IS most stable, based on electro- 
negativity alone F has the highest 
electronegativity 1“ would be the 
best electron donor because it has 
the smallest electronegativity of the 
four halides 


A- 58 HF On the basis of electronegativity, : 
F“ IS the weakest base, therefore, HF ■ 
would be the strongest acid : 


Q-58 Based upon electronegativity alone, 

which acid would be the strongest, HF, 
HCl, HBr, or HI'? 


Q-59 Based upon size alone, which ion would 
be the most stable, F“, Cl“, Br", or 
I" *? Which ion would be the best elec- 
tron donor “? 


c 

■ 

A-59 r would be the most stable, based ; Q-60 Based upon size alone, which would be 

upon size alone, because I" is the j a stronger acid, HF or HCl? 

largest ion of the series Based on ■ 

size alone, F" would be the least : 

stable and the best electron donor ! 


A-60 HCl On basis of size alone, F“ is a S Q-61 
stronger base (electron donor) than E 

Cl", therefore, HF would be a weaker j 

acid than HCl • 

n 

m 

■ 

t 

■ 

■ 

A-61 F" HF IS a weaker acid, therefore, ■ Q-62 

F" IS a stronger base : 

■ 

■ 

— -s 


for HF IS 6 9 x lO""* while K , 
diss diss 

for HBr is very large Which ion, F~ 

or Br", IS a better electron donor*? 


Which ion, Br" or F~ is more stable? 


A-62 Br" F" is more basic and less ; Q-63 

stable. i 

« 

■ 

* 

c 

m 

* 2 

• 

A-63 Size, On the basis of size Br" is more : Q-64 

stable than F" On the basis of electro- : 
negativity F" is more stable. : 

E 

< 

E 

A-64 OH" on the basis of electronegativity | Q-65 

HS“ on the basis of ion size • 

e 

m 

E 

A-65 H 2 S is a stronger acid ; Q-66 

■ 

e 

* 

E 


What IS, apparently, the more important 
factor governing the stability of the 
halide ions, electronegativity or size? 


Which of the following ions would you 
expect to be more stable? Why? 

OH“ HS" 


Which of the following is a stronger 
acid, H 2 O or HgS? 


Which of the ions is more basic, OH" 
or HS" ? What is the more important 
factor governing the stability of the ion ? 


A-66 OH". If H 2 S is a stronger acid, HS" • 

must be a weaker base. Size is the \ 

more important factor governing sta- £ 

bility of the ion. 5 

« 

E 


Q-67 In proceeding down a group of a periodic 
table, size tends to be a more impor- 
tant factor governing acidity of binary 
acids. Within periods, electronega- 
tivity tends to be a more important 
factor governing acidity of binary acids. 

Which of the following ions is more 
stable ? 




HS“ orHTe" 
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A- 67 HTe" This ion is larger than HS" 

Q -68 Which ion would be expected to be more 
basic ? 

NH 2 “ orAsH 2 " 

A -68 NH 2 ~ would be more basic, and ASH 2 '' 

Q-69 Which of the following would be expected 

the more stable ion 

to be the stronger acid ? 


H 3 P orHaSb 

A-69 HsSb H 2 Sb” would be the more stable 
ion, and the weaker base, therefore, 

HsSb would be the stronger acid 



S -8 As the oxidation state of an atom increases, the electronegativity of the atom increases. 
The electronegativity of an atom is also changed by attaching other groups to the atom 
Thus, chlorine in HCIO 4 is more electronegative than in HCIO 3 because of the difference m 
oxidation state The nitrogen m NH 2 CI is more electronegative than in NH 3 because of the 
influence of the strong electron withdrawing properties of chlorine. As the electronegativity 
of the central atom of a negative ion increases, the stability of the ion increases Thus, 
C 104 ~ IS a more stable ion than CIO 3 " and NHCl" is more stable than NH 2 " 


Q-70 H-O-Cl 18 a stronger acid than H-O-Br 
Offer an explanation. 


A-70 OCr IS a more stable ion than OBr“ 
Chlorine is more electronegative than 
bromine, thus, the oxygen in OCl" is 
more electronegative than in OBr" 

The size of the ion must not be the de- 
termining factor 






A- 71 


H 

I _ 

H-C" IS a stronger base 
H 


C1CH2“ 


is more stable because the electronega- 
tivity of carbon is increased by chlorine. 


A-72 O-Cl-0" IS more stable because the 

chlorine has a higher oxidation number 
than in CIO'*. 








Q-71 Which ion would be expected to bt‘ a 
stronger base ? 

H H 

Cl-i or H-C” 

H H 

Why? 

(Hint, the more stable the tun, the 
weaker the base ) 

Q-72 Which ion would be expected to be 
more stable? Why? 

Cl-0" orO-Cl-0“ 


i (• «f *« It # *( tKimm # n * ^ ^ ^ ^ ,1^ ^ ^ ^ ^ ^ ^ ^ ^ 


Q-73 Which is a stronger acid? Why? 

? ? 

HO-Cl-0 or H-O-Ci-0 

I 

O 
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A- 73 O 

I 

H-O-Cl-0 Ihe CIO 4 " ion is more 
O 

stable than the CIO^” ion because chlo- 
rine has a higher oxidation state in CIO" 


Q-74 Methyl (CH 3 -) IS less electronegative 
than hydrogen (H-) Which of the fol- 
lowing ions IS more stable’ Why’ 

CHgO" or HO" 




A-74 OH" IS more stable The CH 3 group 
decreases the electronegativity of the 
oxygen, thus decreasing the stability 
of CH 3 O" 


A-75 CH 3 OCH 3 Both CH 3 groups would 
tend to decrease the electronega- 
tivity of the oxygen 


Q-75 Which of the following would be expected 
to function as a better Lewis base? 
Why? 

CH 3 OCH 3 or CH 3 OH 


Q-76 While methyl (CH 3 -) has an electro- 

O 

negativity less than hydrogen, CH 3 C- 
has an electronegativity much greater 
than hydrogen 

Offer an explanation as to why com- 
pound A IS more acidic than compound B 


O 

// 

CH 3 C-OH CH 3 CH 2 OH 
A B 


A-76 O 

// 

The ion CH 3 C- 0 " would be more stable 
than CH 3 CH 20 " because the acyl group 

O 

// 

(CH 3 C-) increases the electronegativity 
of oxygen 


Q-77 One of the following compounds is con- 
sidered basic Which one is the base ? 
Why isn't the other compound a base? 

O 

CH3CH2N-H cH3C-ira2 
H 


ethylamine acetamide 


A-77 Ethylamine is the base Acetamide 
IS not a base because the*acyl group 
increases the electronegativity of the 
nitrogen so much that the nitrogen is 
not a good electron donor 





^ ■'Ale ^ m ifeioiia , 




r ^ f i ,, f 14? ^ 



S-0 Arrhenius acids and bases are restricted to aqueous solutions of H+ and OH" 10 ns. 
Bronsted-Lowry acids and bases are more general and include all proton donors and proton 
acceptors. The Lewis definition of acids and bases is still more general acids are elec- 
tron acceptors - bases are electron donors. 

I """■ 

• 

: Q-78 Indicate the Lewis acid and base in the 
• following reaction. 

t ■ 

m 

\ AICI3 + CI2 AlCl4"Cl+ 

m 

« 
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A- 78 The Lewis acid is 


AK Cl 


The Lewis base is Cl x CU 

X X 


A-79 The electron acceptor is H of the -OH 
group The electron donor is 0 of the 
-NO 2 group 


Q-79 Indicate the Lewis acid and the Lewis 
base in the following reaction 


o-nitrophenol 


Q-80 Is o-mtrophenol a Lewis acid or a 
Lewis base? 


A-80 Both In the reaction shown in Q-79, 
both the acidic and basic groups were 
in the same molecule 


Q-81 In the following reaction does CHjOH 
(methyl alcohol) function as a Lewis 
acid or a Lewis base? 

CH3OH + NHa" == CH3O" f NH3 


A-81 Lewis acid The OH hydrogen in 

methyl alcohol accepts the electrons 
which are donated by the NH 2 " group 
(Lewis base) 


A- 82 A Lewis base The O in methyl 
alcohol is an electron donor 


Q-82 In the following reaction, does niethvl 
alcohol function as an acid or a base? 

Hi* 

CH3OH + H+ CHjO^ 

H 


Q-83 In the following reaction, dues methanol 
(methyl alcohol) function as a Lewis 
acid or base ? 


H 

O'' 

2CH3OH + CaClj - Cl-Ca>Cl 

o 

/r.^H 


A- 83 As a Lewis base. CaClj acts as a 
Lewis acid (electron acceptor). 




A-84 Both In Q-81, CHsOH acted as an 
acid, in Q-82 and 83, CH 3 OH acted 
as a base 


Q-84 Is methanol (methyl alcohol) lui acid 
or a base ? 

Q-85 In the fallowing reaction does glycine 
(an amino acid) function as an acid or 
a base? 

? ? 

CHjCOH + OH" - H ,0 4 CH,CO‘ 

NH, 
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A-85 


As an acid (a proton donor) 


Q-86 


In the following reaction does glycine 
function as an acid or a base ? 



PART II: Amphoteric Properties 


Certain compounds can function either as acids (proton donors or electron acceptors) or as 
bases (proton acceptors or electron pair donors) Such compounds are said to be amphot - 



A-1 MOH + OH" r: MQ“ + H20 


A certain metal hydroxide, MOH, known 
to be amphoteric, was added to a basic 
solution (one containing an excess of 
OH" ions). 

Write an equation showing how MOH 
could act like a proton donor in this 
solution 


The amphoteric metal hydroxide MOH, 
was added to an acidic solution Write 
an equation showing how MOH could 
act like a proton acceptor in this solu- 
tion. 


A-2 MOH + r MOH 2 +, or 
MOH + H+ r M+ + H20 


Write and balance the reaction of MOH 
(acting as a base) reacting with the acid 
HCl 


A-3 MOH + HCl r Cr + H 2 O + M+ or 
MOH )■ HCl r cr + moh2'^ 


A-4 MOH + KOH r H 2 O + K+ + MO" 


: Q-5 


Write and balance the reaction of MOH 
(acting as an acid) reacting with the 
base KOH 


Write and balance the reaction of MOH 
(acting as an acid) reacting with the 
base H 2 O. 
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A- 5 MOH + H 2 O n HsO+ + MO“ 


Q-6 The oxides of elements display varying 
degrees of amphoterism Some oxides 
act equally well as acids or bases; 
others are better acids than bases and 
vice versa Some elements form hy- 
droxides and oxides which act only as 
acids or as bases Solid NaOH is added 
to water. Does the NaOH function as an 
acidic, basic or amphoteric hydroxide? 


A-6 A strong base 

NaOH ::r Na+ + OH" 


Q-7 


Solid LiOH IS added to water Does 
LiOH function as an acidic or a basic 
hydroxide ? 


A- 7 A strong base 

LiOH ::: Li+ + OH' 


*" 9 *" 

» 

s 


Q-8 When added to water, do the hydroxides 
of all the Group I elements, Li, Na, K. 
Rb, Cs, and Fr, function as acidic, 
basic, or amphoteric hydroxides? 













A-8 Strong bases 


A-9 Acidic properties 


A- 10 Acidic hydroxides 


Q-9 


In water solution, the compound HOCl 
has acidic properties but not basic 
properties. Would the hydrnxidi^ of 
iodine (HOI) be expected to exhibit 
acidic, basic, or amphoteric projierties 
in an aqueous solution ? 






Q-10 


In water solutions do the hydroxides of 
the Group VH elements function as 
acidic, basic, or amphoteric hydrox- 
ides? 











'■I V ' ’ ■ ¥ . 






S-2 The foUowingtable shows the eleven elements which form a«q?hoterlc oxides or hydroxides 
The elements to the right of the areqphoterlc elements In each period (except Cr'^lform 
acidic oxides In the fourth period, the elements to the right oi Ge form acidic oxides. 
Except for H and Be, all elements In groiqjs and III^ form basic oxides. 


m 

IIa 

Ilia 

IVb 

Vb 

VIb 

VUb 

VUI 

ts 

■a 

■0 

iv* 

V* 

BD 

BB 
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Rb 
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Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

Cd 
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Cs 
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; Q-11 Do any periods lack amphoteric elements? 


A-11 No. All periods have at least one j Q-12 What are the amphoteric elements in the 
amphoteric element. : first three periods? 


A- 12 H, Be, A1 


twit####**##** w •««««« it UK* 

A- 13 HOH, Be(OH) 2 , Al(OH)j 


A- 14 Change from amphoteric to basic. 


■ 

; Q-13 Write the formula of the amphoteric 

! hydroxides of each of the amphoteric 

j elements in the first three periods. 

■ 



II 

! Q-14 In moving from H to Li and from Be to 

S Mg, how do the acidic, basic, or 

i amphoteric properties of the elements 

! change ? 

I 

■ 

t 

■ 

I Q“15 The properties of the elements change 
! from acidic to amphoteric to basic in 

: moving down the periodic chart B is 

S acidic What kind of properties should 

j A 1 be expected to have? 


A" 1 5 Amphoteric or basic properties, i 

Aluminum is amphoteric. j 

* 

I 

A- 18 Either amphoteric or acidic properties. | 

Silicon forms an acidic oxide. i 

it 

c 

I 

w 


Q-16 Ge IS amphoteric What kind of pro- 
perties should Si be expected to have ? 


Q-17 Mg has basic properties What kind of 
. properties should Ca be expected to 
have? 


A- 17 Basic properties. 


A- 18 Amphoteric or acidic properties. 
BizOj is an acidic oxide 

i«#((f*!**#*#l*#*«l**#*WW##*«#W**»»l*#**fl»ll** ■»**•#•»• 

A- 19 Acidic or amphoteric. S 1 O 2 is an 
acidic oxide. 


A-20 Amphoteric or basic. 

Ga(QH }3 is, in fact, amphoteric. 


; Q-18 Pb 02 (element 82) is an amphoteric 

! oxide What properties would be 

j expected for B 12 O 5 (element 83) ? 

■ 

- — - 

a 

a 

S Q-19 P 2 O 5 (element 15) is an acidic oxide, 

I What properties would be eifqiected for 

! 8102 (element 14) ? 

a 

t 

\ Q-20 If B(0H)3 is acidic and A 1 ( 0 H )3 (A1 is 
I directly beneath B) is amphoteric, will 

; Ga( 0 H )3 (Ga is directly beneath Al) be 

5 an acidic, basic, or amphoteric hy- 

I droxide? 

a 

— a -a — 

a 

■ 

6 Q-21 If Cd( 0 H )2 IS a basic oxide, will HgO 

\ (Hg IS directly beneath Cd) be an acidic, 

I basic, or amphoteric oxide? 


A-2i Basic oxide. 
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S-3 Keeping the generalizations in mind that the trends from acidic, to amphoteric, to basic 
properties occur in moving down the chart (for example H3BO3 and Al(OH) 3 ) a second gen- 
eralization can be made 

In most cases, if an element forms an amphoteric hydroxide in the oxidation state, the 
hydroxides of a higher oxidation state (e g , n + 1 ) will be more acidic and those in a Inwei 
oxidation state (e. g , n - 1) will be more basic For example, CrjOs, is an amphotci ic oxide 
while Cr 03 is an acidic oxide Keep in mind, however, that the distinction between ampho- 
teric, acidic, and basic properties is quite arbitrary 




j Q-22 

Which of the following is amphotonc ? 
Cr(OH )3 or CrOs 

A-22 

Cr(OH )3 is amphoteric 

\ Q-23 

If Cr{OH )3 IS amphoteric, wcxild CrO^ 
be an acidic, basic, or amphotonc 
oxide ? 

A-23 

Acidic oxide 

j Q-24 

If Sb 203 IS an amphoteric oxide, wtaild 
Sb 205 be a basic oxide? Why? 

A-24 

No The oxidation state of antimony 
in Sb 205 IS +5, while in Sb 203 the 
oxidation state is +3. As the oxidation 
state increases, the oxides become more 
acidic, Sb 20 s is an acidic oxide 

i Q-25 

SnO* IS an amphotonc oxide, Would 

SnO be a more acidic or a mine basic 
oxide than SnO* ? 

A-25 

Because the oxidation state of Sn in 

SnO Is lower than in SnOa, SnO should 
be a more basic oxide. Both SnO and 

i Q-26 

Which one of the following la umpliotenc 

PA. OSO 4 . In A 


SnOj are considered amphoteric oxides, 
however 


A- 26 In 203 


A-27 PbO 


A- 28 ZnO 




A-29 Sn(OH )2 


A-30 




PbO, 






m 

; Q-27 Which one of the following is amphoterle ? 
: PbO, BiA. AbjOj 

» 

I Q-28 Which one of the following is amphoteric ? 
I NiO, CoO, ZnO 



; Q-29 Which one of the following Is amphoteric ? 
i CaO, Sn{Cai)j, FefOHlj 



« 

I Q-30 Which one of the following is amphoteric / 
i NtO, PbO*. BiA 

Q-3I Which one of the following is amphoteric ? 

PA. AsjOj, ^A 
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A-31 

SbjOs 

■ 

■ 

a 

■ 

■ 

Q-32 

Which one of the following is amphoteric 



a 

a 

a 

a 

a 

a 


BeO, MgO, Se 203 

A-32 

BeO 

■ 

ft 

■ 

■ 

ft 

ft 

Q-33 

Which one of the following is amphoteric 



ft 

ft 

ft 

ft 

ft 

ft 


AgjO, AU 2 O, CU 2 O 

A-33 

None of these are amphoteric 

ft 

ft 

■ 

ft 

ft 

ft 

Q-34 

Which one of the following is amphoteric ‘ 



ft 

ft 

1 

ft 

ft 

ft 


C 02 O 3 , NiO 

A-34 

None of these are amphoteric 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

Q-35 

Which one of the following is not ampho- 
teric 



a 

ft 

ft 

ft 

ft 


CO 2 , Ge 02 , Pb 02 

A-35 

CO 2 

a 

a 

a 

a 

■ 

a 

a 

a 

a 

Q-36 

Which one of the following is not ampho- 
teric ? 



a 

a 

a 

a 

a 

a 

a 

_ a 


ZnO, In 203 , CdO 

A-36 

CdO 

a 

a 

a 

a 

a 

a 

a 

a 

a 

Q-37 

Which one of the following is not ampho- 
teric 



a 

a 

a 

a 

a 

a 

a 


Ga(OH) 3 , Sn 02 , B 12 O 5 

A-37 

Bl 205 

a 

a 

a 

a 

a 

a 

a 

a 

a 




S-4 The acidic, basic and amphoteric properties of elements serve as the basis of a method for 
the separation and analysis of mixtures containing various metal ions Basic oxides and 
hydroxides are more soluble in acidic solutions than in water while acidic oxides and hy- 
droxides are more soluble in basic solutions than in water Amphoteric oxides and hy- 
droxides, however, are more soluble in either acidic and basic solutions than in water 


• Q-38 A solution was known to contain only one 
I of two ions, Sn(IV) or As(V) Dropwise 

i addition of 6M NaOH to this solution 

; produced a precipitate which dissolved 

I when excess NaOH was added Which 

I ion was present? 


A-38 As (V) will not precipitate in a basic 

solution (AS 2 OS IS an acidic oxide) On 
the other hand, Sn(rv) is amphoteric 
and will form a precipitate of Sn(OH )4 
in a weakly basic solution The 
Sn(OH )4 will dissolve in excess base. 
Therefore, the precipitate must have 
been Sn 02 (Sn(OH) 4 ) which, upon addi- 
tion of more base, formed SnOs"^ 

Sn(IV) + 60H" r: Sn(OH )4 + 20H'' n 

SnOg"^ + 3H2O 

As(V) + 80H- r ASO 4-3 + 4 H 2 O 


Q-39 A solution was known to contain only one 
of two 10 ns, Ni'''^ or Zn'^^ When 
6M NaOH was added to this solution a 
precipitate formed The precipitate 
did not dissolve in excess NaOH What 
ion was indicated ? 
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A-39 Both ions would form precipitates, 

namely Ni(OH )2 and Zn(OH )2 Of these 
two compounds, only Zn(OH )2 is am- 
photeric Zn(OH )2 should dissolve 
(forming Zn 02 " 2 ) m excess NaOH Be- 
cause the precipitate did not dissolve in 
NaOH, Ni +2 IS indicated in the original 
solution 

Ni+2 + 30H“ r Ni(OH )2 + OH- 

i 

no reaction 

Zn+2 + 40H- r Zn(OH )2 + 20H- r: 

Zn02"2 + 2 H 2 O 

The ion must be Ni+^ 


Q-40 A solution contained only one of two 10 ns, 
Cr(III) or As(V) Addition of one drop 
of 6 M NaOH produced no precipitate 
Continued addition of 6 M NaOH did not 
produce a precipitate What conclusions 
can be drawn? 






A-40 Cr(in) would be expected to produce a 
precipitate which, being amphoteric, 
would dissolve in excess base 

Cr+3 + 40H- r: Cr(OH )3 + OH" ::: 

Cr02" + 2 H 2 O 

As(V) does not form a precipitate m a 
basic solution 


Q-41 Fe(OH )3 will dissolve only slightly in 
strong base How could one si'parale 
Fe(OH )3 fi oin AUOlDg? 




A-41 


Add 3M NaOH to the mixture. The 
Fe(OH )3 will remain as a solid, the 
A 1 ( 0 H )3 will dissolve. 


Q-42 


Suggest a methixi for separating a mlX” 
ture of ZnO and HgO 




A-42 Add 3M NaOH. The ZnO is an ampho- 
teric oxide and will dissolve in NaOH. 
HgO IS not amphoteric and will not 
dissolve. 

Zn(OH )2 + 20H" ::: Zn 02 ’^ + 2 H 2 O 


Q-43 A solution was known to contain only one 
of the following Ions: FedU), ZnCH), 
Ai(m) or Pbdl). 

A drop of 8 M NaOH was added, A pre- 
cipitate formed. What could be con- 
cluded? 


A-43 


Nothing All of the ions would give • Q-44 The precipitate formed in Q . 43 did not 

the reaction described. 5 dissolve In 1 m! of 3 M NaOH What 

i could be concluded? 






A-44 The precipitate was Fe(OH) 3 . All the 
other hydroxides (oxides) are ampho- 
teric. 


Q-45 a solution was known to cunuiln two of Uh 
following Ions: Hfe(n). As(V}, AIThi). ami 
Zn(n|. A drqp of 6 M Nadu added to the 
solution caused a precipitate, which re- 
dissolved when excess NaOfl was added, 
What conclusion can be made about the 
composition of the solution? 
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A-45 Hg(II) would have formed the basic 
oxide, HgO, which would not have 
redissolved Therefore, Hg(II) was 
not present Since As(V) would not 
have precipitated under these condi- 
tions, it might have been present 

Both Al(ni) and Zn(II) would have 
precipitated and redissolved as 
described Therefore, it must be 
concluded that Hg(n) was not present, 
but two of the other three were pre- 
sent Further tests would be necessary 
in order to determine which two ions 
were present 

Q-46 A solution was known to contain one of 
the following ions. 

Pb(II), Ag(I) or Cu(n). 

When a drop of 6M NaOH was added to 
the solution, a precipitate formed. 

The precipitate dissolved in excess 

6M NaOH What conclusions can be 
reached regarding the composition of 
the solution? 

A-46 Of the three ions, only Pb(II) is am- 
photeric. Therefore, the ion present 
must be Pb(n) Had Ag(I) or Cu(n) 
been present, a precipitate would have 
formed that was insoluble in excess 

NaOH 

Q-47 A strongly basic solution contained 

Sn(lV) 10 ns How could Sn(OH )4 be ob- 
tained from this solution'^ 

A-47 HCl could be carefully added until a 
precipitate formed Addition of HCl 
would reduce the OH" concentration 
shifting the following equilibrium to 
the left 

Sn(OH)4 + 20H‘ r SnC^"^ + 3 H 2 O 

If too much acid is added Sn(OH )4 will 
dissolve 

Sn{OH )4 + 4H‘^ r 4 H 2 O + Sn(rV) 

Q-48 It has been observed that when a solution 
containing Al(III) 10 ns is treated with 
NH 4 OH, a precipitate forms which does 
not redissolve in excess NaOH Explain 

(Hint the precipitate formed using 
NH 4 OH IS A 1 ( 0 H )3 

Kb for NH 4 OH = 1 8 X 10"®. ) 

A-48 In order for Al(OH )3 to dissolve in 
base, a fairly large concentration of 

OH” ions IS needed to shift the equi- 
librium to the right. 

A1(0H)3 + OH" r AIO 2 " + 2 H 2 O 

NaOH provides a sufficiently large 
concentration of OH", but NH 4 OH does 
not because it is such a weak base 
(K^ *= 1 . 8 x 10"5). 

Q-49 Solid Pb(OH )2 will dissolve In excess 
NaOH but will not dissolve in concen- 
trated NH 4 OH Explain. 

A-49 Since Pb{OH )2 is amphoteric, it will 
dissolve in a solution containing a 
high concentration of OH” (e. g a 

NaOH solution). The OH" concen- 
tration in NH 4 OH solution is too low 
(because NH 4 OH is a weak base) to 
cause the Pb(OH )2 to dissolve. 

Pb(OH )2 + 20H" r: PbOa"^ + 2 H 2 O 

Q-50 Solid Ca(OH )2 is insoluble in both con- 
centrated NH 4 OH and NaOH solutions. 
Explain 
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A-50 Ca(OH )2 is a basic hydroxide which is 
insoluble m basic solutions. 

Q-51 A solid mixture consists of PbfOH)^ and 
Ca(OH )2 Describe a method of separat- 
ing these two compounds 

A-51 Pb(OH )2 is amphoteric and will dis- 
solve in an excess of NaOH solution 
leaving solid Ca(OH) 2 . 

Pb(OH )2 + 20H“ r Pb02"2 + 2 H 2 O 

The Pb(OH )2 can be recovered from the 
NaOH solution by carefully adding HCl 
until the solution is neutral. 

Q-52 For a solution containing one oi the fol- 
lowing two ions, which reagent, NaOH, 
NH 4 OH, 01 HCl, would be useful in de- 
termining which ion IS present‘d Which 
ion precipitates'^ Which ion remains in 
solution''^ 

Al(in) or Fe(ni) in an acidic solution. 

A-52 Excess NaOH. AIO 2 " would remain in 
solution while Fe(OH )3 would precipi- 
tate 

Q-53 For a solution containing one of the fol- 
lowing two ions, which reagent, NaOH. 
NH 4 OH, HCl, would be u.sefui in deter- 
mining which ion IS present'^ Which ion 
precipitates'^ Which ion remains in 
solution*^ 

Fe(in), Sn(IV) in acidic solution. 

A-53 Excess NaOH, SnOs"^ will remain in 
solution while Fe(OH )3 will precipitate. 



PART III: Metallic Complex Ions 


S-l Metallic complex ions or compounds are formed when a metallic ion conibinoH with an ton 
or molecule which is an electron pair donor. An example of a complex Ion iafCofNHjla j* 
The metallic cation (Co"*^} is called the central ion, and the ion or molecule (In this ease, 
NHj) which combines with it is called the ligand. 


; Q -1 In the complex ion. wh.*t 

: is the central ion and what is the Itgand * 




* 

; Q-2 What is the central ton and what i« the 
I liicand in the complex ton | Fe(CN)| j“'’^ 


A -1 central ion Cu'^^ 
ligand NH 3 

i 

* 

f 

« 

A-2 central ion Fe+® j Q-3 what ts the central ion and what is the 

ligand CN" 


ligand in the complex ion (Co{HjOj|Clj’**? 


* t 

A-3 central ion Co+® | Q-4 what is the charge on th« central Ion In 

ligands HjO, Cr \ the complex Ion [Co(NH,)|C 1 1**? 

* 

s 




eiw#a#iiiirwi«« 
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A -4 chloride ion is -1 
NH 3 IS neutral ( 0 ) 
cobalt (Co) IS +3 


Q-5 What IS the charge on the central ion in 
[Fe(H20)Cl4]-’ 


chloride ion is -1 
H 2 O IS neutral (0) 
iron (Fe) is +3 


Q -6 What orbitals are being filled m transi- 
tion metals 


■ ■ Ji V ■ ■ « « ■ a H HJI K u ■ |i • VJI ■ • H K M ■ « ■ p M ■ I 


The d-orbitals are being filled. 


The electronic structure of the Fe atom, 
a 3d® 4s^ configuration, can be repre- 
sented as follows. 


liLLtL li 

Write the electronic structure for the 
Fe+® ion. 

(Hint In the formation of the ion the 4s 
electrons are lost before the 3d electrons 


A -7 Fe+® 

3d 4s 4p 

LLLii „ 

Q -8 If the zinc atom is 3d‘® 4s^, write the 
electronic structure for Zn"*"^ 

A -8 Zn +2 

3d 4s 4p 

U U tj U t] _ 

Q-9 If the nickel atom is 3d® 4s®, write the 
electronic structure for Ni+®, 

A -9 Nl+2 

3d 4s 4p 

U 11 11 L L _ 

Q-10 If the chromium atom has a 3d‘* 4s® con- 
figuration, write the electronic structure 
for Cr+® 

A-IO Cr+» 

3d 4s 4p 

LLi 

Q-11 Why would all the 10 ns in the preceding 
examples be able to act as Lewis acids 
(electron acceptors)*^ 

A-l 1 All the Ions have unfilled orbitals in 
their valence shells and thus have the 
capacity to accept electrons. 

Q-12 A common ligand in complex 10 ns is NHj. 
Write the Lewis structure for NHj (a 
neutral ligand) 

A-i2 

H-N-H 

1 

H 

Q-13 Write the Lewis structure for water 
(a neutral ligand). 

A-is -b: 
h"' h 

Q-14 Write the Lewis structure for the CN" 
ion (a charged ligand). 
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A-14 


A-15 


Q-15 


.C= N’ 


All the ligands have at least one un- 
shared pair of electrons 


Q-16 


What do all these structures have in 
common with regard to unshared elec- 
trons'^ 


Are ligands Lewis acids or Lewis 
bases 


A-16 All ligands are Lewis bases (electron 
donors). 



ions oonsliNt a centsmi ion 

and Uganda (Lewis \mm}p 


S-2 Since all the central cations have unfilled orbitals and the ligands have unshared electron 
pairs, it seems reasonable that a bond between the central ion and the ligand will be a coor- 
dinate covalent bond in which both the electrons are from the ligand. In order to determine 
which orbitals of the central ion are involved in the bonding, experimental data are needed. 
Magnetic moment and X-ray structure determinations give the nece.shary data. 

An electron spinning on its own axis produces a magnetic field. If a sub.stance ha.s un^wired 
electrons, magnetism results and it is said to be paramagnetic. If all the electrons in a 
substance are paired, the magnetic fields produced by the spinning electrons cancel each 
other and the substance is said to be diamagnetic. 


Q-17 The magnetic moment, /i, is related to 
the number of unpaired electrons, n, by 
the following equation. 

^^(Bohr Magnetons) “ V"n(n ■< 2) 

If n = 1, calculate p. 


A-17 M =V n(n + 2) = V 1(1+2) = VT 
= 1.7 B.M. 






A-18 


jU = V n(n + 2) 

= V 2(2 + 2) 

= -TT 


= 2.8 B. M, 


A-19 






Q-18 If n ® 2, calculate the value of g 


Q-19 If g ■ 3.9, calculate n, the number of 
unpaired electrons. 

(Hint. The quadratic formula Is 

-b i V ~P""-~4ac"" \ 

2a 


Q-20 If n » 4, calculate g. 


jU = V n(n + 2) 

3.9 = V n(n + 2) 

Squaring both sides of the equation 
yields 

15 = n(n + 2) 

15 = + 2n 

+ 2n - 15 = 0 
n - -2 t V(2)^ - 4(1)(-15) 

» _ -2 - 2^8 _ ,, 
n _ ~ a — = 4-3 or -5 

Since n must be a positive number, n = 3 
(n could also be obtained by factoring 
the equation, n^ + 2n - 15 = 0) 
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A-20 IX = ■/ n(n + 2) 

1 Q-21 If p = 5.9, calculate n. 

= /4(4 + 2) = VW 


= 4.9 B M 


A-21 11 = V~n(n + 2) 


5.9 = n{n + 2) 


Squaring both sides of the equation 
yields 


35 = n(n + 2) 

■ .i 

n^ + 2n = 35 


n^ + 2n - 35 = 0 

S" ■- i s'. \ O J J -V. ..''■’V ‘ 

Application of the quadratic formula 

■i ' A 7 •: ;:vv:ra ■'’ >’- ‘ '' ' 

gives 


-2 i V (2)2 - 4a)(-35) 


2 


-2 t 12 

,v; j . ■' v' • 7'''V' ' ' ■ ‘ ’ /' 

■ , 1 . -Jiv-V . , . v'V- - ■ 4,^;' .. 

2 


n = 5 - number of unpaired electrons 

; '-;■■■ V- '.w- : , . 


S-3 X-ray examination Is useful because it gives the geometrical configuration of the complex 
ion. Since specific types of hybridization are associated with specific geometrical config- 
urations, a knowledge of the geometry of the molecule and of the number of unpaired elec- 
trons Indicates which orbitals of the cation are mvolved in the bonding. 


Q-22 What is the angle between the lobes of 
sp hybrid orbitals? 




A -22 180" 


Q-23 If [Ag(CN) 2 ]" IS a linear ion, what 

type of hybridization would you suggest 
for the cation of this molecule? Sketch 
the complex ion showing the hybridized 
orbitals. 










A-23 sp hybridization. 



Q-24 If the cyanide ion has a -1 charge, what 
is the charge on the silver ion in the 
[Ag(CN) 2 ]” complex ion"^ 


4 W f « t f * K 4* * • M « W • t # M* # # « W • W * li W » 


A-24 Ag is 4 1, 




A-25 Ag-* 


4d 5s 5p 

fl 11 11 11 11 __ 




Q-25 If the Ag atom is 4d“ Ss^ what is the 
electron structure of Ag'''? 

4. 

Q-26 The magnetic moment of [Ag(CN) 2 ] “ is 
equal to zero. How many unpaired elec- 
trons does the Ag+ ion have in this 
complex? 
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A-26 

If p = 0, n = 0 

(no unpaired electrons) 

Q-27 

If ligands are Lewis bases (i e , elec- 
tron donox's) and the cential ions have 
empty valence oibilals, how will the 
bond between the hgand and the cential 
ion be termed ’ 

A-27 

The bond is formed by donation of the 
unshared pair of electrons on the 
ligand to the metal ion. 

Q-28 

What IS the name gi\en to the bond be - ___ 
tween two atoms in which both oi the 
electrons in the bond came originally 
from one of the atoms’’ 

A-28 

Coordinate covalent bond. 

Q-29 

If [Ag(CN).|’' IS a .sp hybrid, suggest an 
electronic structure for the complex ion 
(show llgand.s donating electrons to tlH‘ 
empty orbitals on the cationi. 

A-29 

[Ag(CN)2]~ 

sp 

» 

Q-30 

What are the angles between the loties «I 
sp* hybrid orbitals’’ 


li ti t{ li li 

4d ^ ?d 4d 4d 


1 1 

1 t 

1 ^ 1 

i^i 

1 

\ t 

i 1 

•‘ill 

ifn 




""ST*' ‘ y **' ” 

5p 5p 




A-30 109® (tetrahedron) 


H, 


A-31 





.H 

‘H 


A-32 Water is neutral. 

Ni is +2. 

A-33 Ni+* 

3d 4s 4p 

11 ti ti f f 


Q-31 li the (Ni(HiO)«P' Itrn tux a tetraheUral 
configuration, wiuit hybridi?wtUis» would 
be predicted for this ion * Sketch the 
complex ion. 

Q"32 What is the charge tst the mckel tun in 
the (NiCHjOlij*’ complex’^ 


Q-33 If the nickel atom la 3dl* 48', what is tin* 
elect rotilc structure of 

Q-34 The magnetic moment of the [NKH^Ol*]*' 
complex is 2 8 B. M, How many unpairtsl 
electrons does the complex have** 


i 
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A-34 If /I = 2 8 BM, then n = 2 

(Refer to A-18 for calculations. ) 


Q-35 If the Ni ion is an sp® hybrid, suggest 
an electronic structure for [Ni(H 20 ) 4 ]'*'® 
based on a magnetic moment of 2.8 B M 


A-35 INidi.OL 


11 

3d 


11 

3d 




11 

3d 


L- 

3d 


1_ 

3d 


Q-36 What are the angles between the lobes of 
dsp^ hybrid orbitals'? 


sp" 


r__ ^ 

1 -1 


1 i 

i^i 

|4s 1 

1 _ 1 

1 4p 1 

I 1 

t 1 

!i 1 1 

Ini 

1 1 

1 t 

In! 

1 ( 

1 J 

1^1 

IhzoI 

iHaOj 

l5i?j 

IHjpl 


A-3t> 90” (square planar) 


Q-37 If the [Cu(H 20)4]'*'® complex is square 
planar, what hybridization would be 
predicted for this ion’ 


A -37 ilHii 

A -38 H.O IH neutral. 
Cu in +2. 


I Q-38 What IS the charge on Cu in 
i [Cu(H20)4]+®? 




I Q-39 If the Cu atom is 3d® 4s®, what is the 
; electronic structure of Cu"*"®? 






MMPHMHMPPMMMPailP ■««■■■■ ««■«■■■ 


ppppuaapMaaaap ■*■■■■■■■«•!*• 


A -39 Cu*" 


3d 


48 


4p 


Q-40 The magnetic moment of [Cu(H 20)4]'^® 
IS 1 8 B M. How many unpaired elec- 
trons does the complex ion have*? 


fi U U t 






A.40 If fi 1.8, « 


1 (one unpaired 
electron) 


Q-41 Predict an electronic structure for the 
[Cu(H 20 ) 4 ]''’® complex ion if it has a 
value of ju equal to 1.8 B. M and a square 
planar configuration. 




MM«|i>iuaa.a iOMLpaa.Piut«aja 


A -4 1 [Cu(H;U)4 


;+I 


11 

3d 


11 

3d 


11 

3d 


il 

3d 



lili iiij iiii i_. 

i«i?i L«eJ 



Note that thii configuration calls for 
promotion of an electron from a 3d to 
a 4p orbital. 


•»#** **t #*## »*a# # **•***«*»»• 



Q-42 The [CoFs] ion has an octahedral con- 
figuration. The two types of hybridiza- 
tion associated with an octahedral 
configuration are d®sp® or sp®d® Sketch 
the [CoFe] "® ion showing the hybrid 
orbitals. 
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A-42 

F 

F^JJl -3 

Qn ^ 

0-43 What IS the charge on the Co ion in the 
complex ion [CoFg) 

m 

F 


A -43 Fluoride is -1. 

Co IS +3. 

Q-44 If the cobalt atom is 3d‘ ‘Is . wnt«‘ the 
electronic structure of Co* 

A -44 Co+3 

3d 4s 4p 

Q-45 The magnetic moment of [Col gp’ >s 

5.3 B M How main unpaued eh’ctions 
doe.s it have'’ 

A-45 If p = 5.3, n = 4 (four unpaired 

electrons) 

Q~46 Predict an electronic Ht rin tuie for th« 
jCol‘'g|“^ ion If its magnetic moment m 
5.3 B. M. ami it ih an octalndial ton 

A-46 [CoFg]"® 

Q-47 If the lCo(CK)|j“’ ion m ixdaliedraS. 

what hybru!i/.ation wonhl U- preificied 
for It'* 


sp’d' 


i t 

■5? 

1 

Id 

I 

Id 

i 

Id 

i 

Id 

f”’l 

.li j 

I’l 

'■¥! 

1 mifmm 1 

f ^ I 

. 1 .... * ... ..i..„ 

i^pi 

lid ! 

ft' >m 1^ *>l 

t i 

jid i 

* 1 






'"t t'" 

lit! 

LrJ 

lit! 

L?:] 

M t ! 

\J:l 

iii’i 

* F 1 
L.. - J! 

..i..i.|mi(jiii .nr 1 

lil 

ir.l 

1 » ^ 
t 1 * 

t-p-i 

* ^ J 

m m m 


Ta la Vi 




w# W« # «l • M <!*««***> ^^'*0^*>^)*^*****'*^*’*'*^**'^* 


A-47 d^sp^ or sp®d" hybrids. 


«l 

5 Q.48 Whdt tw Ihii cturgi' on the C*u tiKt in Ihr 

: fCotCNS,}"* complex*’ 


* 

A-48 Since cyanide las a -1 cliargts Cobalt j Q-4£) The iiUKnetu moment ol |C»4C‘N)| | “^ 

must have a +3 charge. : is (i.O. lluw manv uniaired elertruiiH 

; dues the complex twie * 

♦ 

# 

» 

A-49 H p » 0, n = 0 (no unpaired elect rtms) | Q*50 Writi* .m clcctnxitc strut tur« lor 

• [CulCNl, j baniHl on the cxpi'niocntal 

; dau (ijctahcdral coidiguraiitui and ,. U' 

# 

« 
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d"sp^ 



i Q-51 

What IS the charge on cobalt in the com- 
plex ion [Co(NH 3 ) 6 ]’‘'S‘? 

i * 1 

f ♦ ♦ 

4.i .i(i 

I :*>i I 

r i 

;3d| 

rz'' 

1 4s [ 

1 

1 ^1 

l4p! 

1 1 

1 \ 

i4p; 

1 

i4pi 



1 .fi,. 

! ' 

* 1 

! 1 
i 1 

!n! 

1 i 

!ni 

1 1 

1 1 

1 n1 

• If! 

I' ■ 1 

iiij 



1 -- J 

1 j 

lLj 

1^1 

L®i 

1 cn| 

L??j 



A ’ll NH, JH mnitial. tluTi-luiT Cu is 43 

Q-52 If the complex ion [Co(NH 3 ) 8 ]+® is 

octahedral, what hybridization would 
be predicted"^ 

\. 1,* d sji’ \ti ijdti Iblmds. 

Q-53 Given that the magnetic moment of 

[Co(NH 3 )g]'''® equals 0.0, write an elec- 
tronic structure for the complex based 
on this value. 

\ . i'4 d sj)' h*.bi id 

u, !, 1 ! iut) im}i.ttr»'d fU'tiron.s) 

Q-54 What is the charge on cobalt in the com- 
plex ion [Co(N 02 )j] if the NO 2 ligand 

IS -r^ 



41 4*»«t41t4**«*»*****'*»'"»*' 


’i-l SiJ jH I, Ctt iH *2, 


3 Q-55 What is the electronic structure for 






t 


J4 


; Q-56 If the fCo(N02)6]"^ complex is octahedral, 
: what hybridization would be predicted for 

this ion? 







A .» 4 Hj/ ..1 wp’d h\brulai. 


3 Q-57 The magnetic moment, ji, for 
*: [Co(N02)6]“* is 1.9 B M. Predict an 

• electronic structure for the complex 

3 based on this value. 


4, K I 4 <4 « i4 « 4 « 
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A-57 d^sp® M = 1 

[Co(N02 )6]~'‘ 


It if 
Id *ST 


n = 1 


d*sp® 



I ill 

I ^'<'-'21 I NO2I 


I 'I '! 

li^! ill -Ui 

[NO^* 


u 13 " 13 lar 


Q-58 What is the charge on the silver ion in 
[Ag(NH3)2]+'? 


A--58 Since NH3 is neutral, Ag must be +1 


Q-59 What is the electronic structure of Ag^”^ 


A- 59 Ag'*' is 4d^® 

ft tl 


4d 5s 

ti tl tl 


5p 


Q-60 


If the [Ag{NHj)2]^ ion is linear, propose 
an electronic structure for the complex 
ion. 


A-60 


sp hybridization 
[AgCNHa)^]"- 


II il 

4d 4d 


11 It u 

id Id 



■y mm m m 

5 ^ Tp 


I I 

i i i I 

! it[ Jit; 

'fnri IrHjI 


l 








A-61 Cu+2is3d®, 


3d 

tl tl tl tl t 


4s 


; Q-61 What is the electronic structure of the 

: Cu+2 ion? 

* 

« 

* 


4p 




A-62 Square planar 








Q-62 If the fCu{NHj)4j+2 complex is dsp’ 

hybridized, what configuration would 
you predict for the ion? 




Q-63 If the fCuCNHsli ]■*’ complex has one un- 
paired electron, what value of M, the 
magnetic moment, would be predicted 
for the ion'-^ 




« * # W # W 4|» # # # * ^ « 4 ^ « 
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A-63 


If n 


1 


V n(n f 2) 

VT 1 7 B M 


Q-64 Predict an electronic structure for the 
[Cu(NH 3)4 ] complex. 


A-64 lCutrsH,)4; 


3d 


Id 


i f 
3d 


dsp^ 


Note that an electron luis been pro- 
motett from the 3d to the 4p orbital. 


1 i 
I3dj 

r — 1 

i^! 

1 j 

j 45| 

1 4p| 

1 1 

1 , 

' 1 

1 1 
! 1 

1 1 

1 I 

1 ^ ^ 
l!!!i 

' { ti 

ifi 

'If 


NHs' 

! b 

INH3' 


i 


Q-65 What is the electronic structure of the 
Ni'*'^ ion ? 


A -t>'j Nt " ts Sti”. 


3d 


4s 


4p 


Q-66 If the [Ni(NH 3 ) 6 ]'^^ ion is spM^ hybrid- 
ized, what configuration would be pre- 
dicted for the complex 


A«t»ti U<n.iheiiral 


Q-67 If the [Ni(NH 3 )g]'^^ ion has two unpaired 
electrons, what value of m , the magnetic 
moment, would be predicted for the 
complex? 


AAV. 


n 


'nfn . 21 
2 H U M, 




A-(iH [NifNHj)«] 


3tt 


ta k ■W 


Q-68 Predict an electronic structure for the 
[Ni(NH 3 ) 8 ]•*•’* complex. 


sp®d^ 



, 4 t! ‘ 4 J-* ‘ilir^ ‘mT* 


L^j i 



ta- 33 
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S-4 One method of analyzing for ions m solution depends on complex ion formation For ex- 
ample, Ag"^ ion forms a complex ion with excess NH4OH while Pb'*'^ ion does not. Thus, a 
solution known to contain either Ag"*" or Pb'*'^ ion could be analyzed by the addition of excess 
NH4OH. If the solution contained Pb+2 ion, white Pb(OH)2 would be precipitated and would 
not dissolve in excess NH4OH. If the solution contained Ag’*’ ion, brown AgjO would be pre- 
cipitated initially and would dissolve in excess NH4OH. 

Ag+ + 2NHs Ag(NH3)2+ 

Below is a periodic chart showing the ions which readily form complex 10ns with NHj by 
simply adding NH4OH in excess. Study the table, and then proceed to the next questions 
which are designed to help you memorize this table 


IB 

IIa 

IIIb 

IVb 

Ve 

Vie 

Vile 

VIII 

B 

m 

111a 

IVa 

Va 

VIa 

VI Ia 

H 




Li 

Be 

B 

c 

N 

0 

F 

Na 

Mg 

Al 

B 

P 

S 

Cl 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

As 

Se 

8r 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

B 

Cs 

Ba 

La 

Hf 

Ta 

W 

Re 

Os 

Ir 

Pt 

Au 

Hg 

: TI 

Pb 

Bi 

Pd 

At 


f -TI 

I I ions which form 

I I complex 10 ns 


« 

: Q-69 If a solution of Al"^® ions and Cu"^ ' luns 
; IS treated with a small amount of NH4UH. 

t a precipitate is formed. What aie tin* 

I formulas of the salts preeipitati'd *•' 

m 


A-69 


A1(0H)3 

Cu(OH)2 


Q-70 If the precipitate is treated with excess 
NH4OH, the CufOHlj dissolves, but the 
Ai(OH)s does not. Write the etjuation 
for the reaction. The complex forRu*d 
contains four NHj molecules. 


...................fi....................... 

A-70 Cu(OH )2 + 4 NH 3 Cu(NH 3 ) 4+2 + 20H- I Q-71 If a solution of Bi''* and Ni 




ions IS 


: treated with a small amount of NUiOlit 

; a precipitate Is formed What are the 

; formulas of the salts pieetpltated? 

W ^ WJM WMIQp X W W|>1 W W MOMUli .... ^ ... . , _ j. 


A-71 Bi(OH)3 
Ni(OH)2 


«IMI «« « « IMI ftJI ««.«« Jk «MfU« n « « « AIlKM ■ « « ■ M « ■ n g « • « 


; Q-72 If the precipitate is treated with excess 
: NH4OH, the Nt(OH)2 dissolves, but the 

: Bi(OH)3 eot. Write the equation for 

: the reaction. The complex itm formed 

: contains six NH3 molecules, 

.......... 
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A -72 Ni(UH), ■ t)NH, .* NiCNHs)^^’ 4 20 H- 

Q -73 The reaction of Mn +2 with NH4OH is 

Mn+2 + 2NH3 + 2H20 - Mn(OH)2 + 2NH4+ 

Could a solution which was known to con- 
tain either Mn'''^ or Cu+2 10ns be analyzed 
using only NH40H'> 

A -73 7't‘s. AiUidum of NH^OH would form a 

pi fciint.il)', U thf picciiutato did not 
disstshr 111 fXt fs.s NHjDH, Mil*' would 

Of prost lit If thf pn'cipitatf dihsolved 
in fXCfNs N’HjOH, C'u" would bo present 

Q -74 The reaction of Mg+i ^„,th NH4OH is 

Mg+2 + 2NH3 + ^HoO - MgtOH)^ + 2NH4^ 

How could a solution known to contain 
either Mg'^^ or Ni’''^ 10ns be analyzed"? 

A -74 rrc.it thf nohitton with NH<OH. If the 
pi ff ipitatf Wfi'f Ni(OH)., It would dls- 
suhf in . Hv fs.s NH4OH Mk(OH), 
would not dissohf 

Q -75 The reaction of Fe'*-^ ions with NH4OH is 

Fe -^3 + 3NH3 + 3H2O - Fe(OH)3 + 3NH4+ 

How could a solution known to contain 
either Fe"^® or Co'*'^ be analyzed*^ Write 
equations for the reactions. (The cobalt 
complex contains six NH3 molecules. ) 

A 7*1 lit Hf thf .solutuiii with NU4OH Pus- 
siblf i fact tons 

I f'" » 3 M!, . 3 H ,0 • FftOH), 4 

Co* . 2 NH, * 2 H .0 ‘ Co(OH), t 2NH4^ 

Tif if tin prfcipitatf with fxce.s.s NH4OH. 
If thf pn I sptt.ilf wfff CutOHl,. It would 
diMsohf Fi tCJHlj would not disnolvc, 

CoiUlii . tlNH, ** Cu{NHj)|‘‘’ 4 aOH” 

Q -76 The reaction of Cr’’’-'’ with NH4OH is 

Cr +3 + 3NH3 + SHjO -* Cr(OH)3 + 3NH4+ 

How could a solution known to contain 
either Zn*^ or Cr'*’^ be analyzed? Write 
equations for the reactions. (The zinc 
complex contains four NH3 molecules. ) 

A- 7 t 5 Add NHiUH to the unknown solution. 
ponHiUlf rfarttons: 

t^r” . 3 KIi, * 3 ICO ‘ Cr(OH), 4 SNH** 

/n* . 2 NH, * 2 ICU • ZnfOH). 4 aNHi"* 

Treat lh»‘ prectpltate with excess 

Mfjt)!! If thf precipitate were ZniOEk, 

If wiaild dmsnive. CrlOHlj would not 
dlnHulvf . 

/nfUHK • 4 NH, .* '/n{NH,)4^- 4 20 H- 

Q -77 Addition of NH4OH to an As(HI) solution 
gives no precipitate. How could As(III) 
be identified in a solution known to con- 
tain either As(ni), Mn^^^ or Cu+27 

A - 77 It adit It lull of NH4OH does not yield a 
priH tpilaie, AsIIIl) ts present, A 
prci ipitair indicates either or 

Cu*’. 

A - 7 B Addition of excess NH4OH to the pre- 
cipitate will dissolve CuIOH)* but not 
the MnlOHl;. 

Cu(OH), 4 4 NH, r Cu(NH,)4** + 20 H” 

Q -78 Could you determine whether a precip- 
itate was Mn(OH)2 or Cu(OH)2? Write 
equations for the reactions. 

Q -79 Addition of NH4OH to a solution of 

ions gives no precipitate. How could a 
solution known to contain either K^, 
or Bi"^® be analyzed’ 
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A -79 Add NH4OH to the solution If no pre- 
cipitate forms, the solution contains 

K+. A precipitate indicates either 

Ni'*'^ or If the precipitate dis- 

solves in excess NH4OH, it is Ni(OH)2 

Ni +2 + 2NH3 + 2H2O - Ni(OH)2 + 2NH4+ 

Bi +3 + 3NH3 + 3H2O -* Bi(OH)3 + 3NH4+ 

Ni(OH) 2 + 6NH3 Ni(NH3)e+2 + 20 H 

Q -80 The reaction of Sn"*"^ with NH4OH is 

Sn+^ + 4NH3 + 4H2O - Sn(OH)4 + 4NH4+ 

How could a solution known to contain 
either Sn"^^ or Ag'*' be analyzed"^ 

A -80 Addition of NII40H would precipitate 
both Sn"*"^ and Ag+ 

Sn+^ + 4 NHg + 4H2O -* Sn(OH)4 + 4NH4+ 

2 Ag+ + 2NH3 + HjO -* AgjO + 2NH4+ 

Excess NH4OH would dissolve AggO but 
not Sn(OH)4 

AgsO + 4NH3 + H2O ^ 2 Ag(NH 3 ) 2 ^ + 20 H- 

Q -81 Which of the following ions would yield 
a precipitate with NHiOH*? (The NH4OH 
IS not in excess. ) Write the formula of 
the precipitates formed. 

Cu+2 

Mg^^* 

Co+“ 

Jt 


i Q-82 Which of the precipitates in A-81 would 
: dissolve in excess NH 4 OH (i e. , form 

i a complex ion)? Write the fuimula of 

; the ion formed. 

•I 


A-81 Cu(OH )2 
Mg(OH)2 
Co(OH )2 


A -82 Cu(NH 3 ) 4^2 

Co(NHs) 8+2 


A-83 React the solution with NH^OH. If no 
precipitate formed, Ba'^^ would be 
present If a precipitate formed it 
could be Mg(OH )2 or Co(OH )2 

Mg+2 + 2NH3 + 2H2O - Mg(OH)2 + 2NH4'' 

Co+2 + 2NH3 + - Co(OH)2 + 2NH4+ 

Addition of excess NH 4 OH would dis- 
solve Co(OH )2 but not Mg(OH) 2 . 

Co(OH) 2 + 6NHj Co(NH3V2 + 20H" 


Q~83 Treatment of a Ba'*" ion solution with 
NH^OH produces no {irecipitate. How 
could a solution known to cont.un either 
Ba'*'', Mg* ’ or Co*^ be analv/.ed'^ Write 
the equations 


Q-84 Which of the following will vteW a pre 
cipitate with MH 4 OH'-’ (The NH 4 OH is 
not in excess. ) 

Asdll) 

2 n‘- 

Al*» 

Write the formula of prectpitales 
formed. 


k 

A-84 2n(OH)2 \ 

A1(0H)3 ; 


Q-85 Which of the hydroxides tn A -84 will 
dissolve in excess NM 4 Uir^ Write the 
formula of the ion(sJ. 


A-85 Zn(NHs)4+2 




Q -86 Treatment of a solution of Jsb'” with 
NH 4 OH gives a precipitate of HbfOUIj, 

4 SNH, 4 3H;0 • SbfOHl, » 3NH«' 

How could a solution known to contain 
either Sb*’ or Zn”’ be analyzed? 
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A-86 Addition of NH4OH would precipitate 
either Zn(OH)2 or Sb(OH)3. Excess 
reapcnt would dissolve only Zn(OH)2 

Zn(OH), + 4NH3 r Zn(NH3)4+2 + 20H" 


Q-87 Addition of NH4OH to a solution of Pb'*'^ 
ions produces a precipitate of Pb(OH)2. 

Pb+2 + 2NH3 + 2H2O - Pb(OH)2 + 2NH4+ 

How could a solution known to contain 
Cu'^'* or Pb"^^ be analyzed*^ 


A ”87 Addition of NH4OH would precipitate 

either Pb(OH)2 or Cu(OH)2 If the pre- 
cipitate dissolved in excess NH 4 OH, it 
would be Cu(OH)2 


Q-88 Which of the following will dissolve in 
excess NH4OH’ 

Fe(OH)3 

Ni(OH)2 

Co{OH )2 

Bi(OH )3 


A”H8 Ni(OH). 
Co{OH)? 


Q-89 Which of the following will dissolve in 
excess NH 4 OH'? 

Cu(OH)2 

Mn(OH)2 

Cr(OH)3 

Zn(OH)2 


A -89 CuCOH)? 
ZniOH). 


Q-90 Which of the following will yield a pre- 
cipitate with NH40H‘? (The NH4OH is 
not in excess. ) 

Kr*" 

Al+!> 

Pb+2 

Write the formulas of the precipitates 


A -80 AKOHls 
Mk(OH). 
PWOH). 

A -8 1 No. 


Q-91 Will any of the hydroxides m A-90 dis- 
solve in excess NH40H‘^ (i. e. , form 
an ammonia complex) 


Q-92 Addition of NH4OH to a solution of Na+ 

10ns produces no precipitate. How could 
a solution known to contain one of the 
following ions be analyzed? 

Na+ Fe+» Ni^^ 

Write equations for the reactions. 
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A-92 If no precipitate forms when NH4OH is 
added, Na+ is present A precipitate 
indicates either Fe"*"® or Ni"*^, H the 
precipitate dissolves in excess NH4OH, 
Ni’^ is present 

Fe+3 + 3NH3 + SHzO * Fe{OH)3 + 3NH4+ 
Ni+2 + 2NH3 + 2HjO - Ni(OH )2 + 2NH4+ 
Ni(OH)2 + 6NH3 2: Ni{NH3)6+^ + 20H" 

Q-93 How could a solution known to contain 
one of the following ions be analyzed? 

K+ Bi+® Co+^ 

Write equations for the reactions 

A-93 If no precipitate forms when NH4OH is 
added, K+ is present A precipitate 
indicates either Bi”^^ or Co"^^ If the 
- precipitate dissolves in excess reagent, 
Co’*'^ is present 

Bi+« + 3NH3 + SHjO - Bi(OH) 3 + 3NH4+ 
Co+2 + 2NH3 + 2H2O - Co(OH)2 + 2NH4+ 
Co(OH)2 + 6NH3 - Co(NH3)6+2 + 20H- 

Q-94 Which of the following hydroxides will 
dissolve in excess NH4OH’ 

Bi(OH)3 

Sb(OH)3 

Fe(OH)3 

Write the formulas of the complex ions 
formed 

A“94 None of the hydroxides form complex 
ions with NH3 

Q-95 Which of the following foi m comph'X 10 ns 
witli excess NH4OH? 

A1(0H)3 

Cr(OH)3 

HiO 

Wiite formulas for the compU'X ions 
foi med. 

A-95 Ag(NH3)2^ 


S-5 Many ions may be separated and identified by using cither NaOfI or Nf{40H The analysiH 
of many more combinations of ions is possible by making use of Ixsth amphoterte .uid tom 
plex ion forming properties 


Q-96 An acidic solution was known tt) ct>nt.iin 
only om* ion, Ag*. or.Sn**. The 

solution was made isislc with NHiOH. A 
precipitate which formed iiutiallv tiss 
8olv<‘d in excess NHiOll. What eonchi 
sions could be drawn*' 


A-96 Sn(OH)4 would precipitate under the 

conditions used, but would not dissolve 
in excess NH<OH. Therefore, Sn*"* 
must be absent. Both Ag'*' and 
would form a precipitate which would 
dissolve in excess NH4OH to form a 
complex ion. 


: Q-9? When the aesdie Holutioit dem 1 ilMtl m tht- 
; preceding queHUoii was made Immc with 

i NaOif, 4 black preciplUte formed. What 

; concluttton could be drawn 

i {flint: Cd{OH}j i« white, ) 
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A- 97 The precipitate was Ag 20 Ag'*' was 
present in the solution 

Q-98 An acidic solution could contain any one 
of the ions Al'^^ Co'*'^, or Zn"^^ The 
acidic solution was made basic with 
NH 4 OH A precipitate which formed 
initially dissolved in excess NH 4 OH 
Another portion of acidic solution was 
made basic with NaOH, a prpcipitate 
which formed initially dissolved in ex- 
cess NaOH What conclusions can be 
drawn'? 

A-98 Co^*’ and both form complex ions, 

but only Zn*"*^ forms a complex ion and 

IS also amphoteric Zn^^ was pres- 
ent 

Q-99 How could the following ions be sepa- 
rated*? 

Ni*^^, Al+^ 

A-i19 Ariciition of NaOH to the solution would 
ptt'cipit.it<‘ all throe ions. Addition of 
oxooss NaOII to the precipitate would 
dissolve AKOffla Addition of excess 
NHiOIl to the precipitate would dis- 
solve Nt(OH)?. 

Q-lOO How could a mixture containing one of 
the following 10 ns be analyzed*? 

As(in), Ag"^ 

A U )0 Addition of NlfiOH would precipitate 
(’r(OH)j and Ag,»0 As{III) would not 
form a pi ccipitalo Ag.O would dis- 
solve in (‘xcchs NHiOIl. Ci(OH )3 

Would not <iissolv(‘ in 

Q-101 When excess NaOH is added to Cr"*"^ ion, 
the ion formed (CrOa”) is emerald green. 
How could a solution which may contain 
any of the following 10 ns be analyzed*? 

Co■^^ 

A lOI Addition of NaOH to the solution will 
pi I'Cipitatc all three ions Addition of 
oxt ess NaOH to the precipitate will 
ftirm {h<‘ iiiecm CrO^" ion. Addition of 
exct'hs NHiOH to the precipitate will 
form the ion and leave 

HdOH)^ as a precipitate. 

Q-t02 Addition of excess NH 4 OH to ion 

forms the complex ion Cu(NH 3 ) 4 ‘^^ which 
is blue How could a solution which may 
contain any of the following ions be 
analyzed*? 

Cu+2, Sb+3, Mg+2 

A- 102 Additmn of NH 4 OH to the solution will 
precipitate all three ions. Addition of 
exct'.ss NHjOli to the precipitate will 
till HI the blue CufNHj)* Ion Addition 
of ext es.H NaCMl to the precipitate will 
fmiu tile SliOj"’ ion and leave Mg(OH)j 
as a precipitate. 

Q-103 A solution may contain any of the follow- 
ing ions. 

A1+®, Co+^ As(III), Zn+2 

Upon addition of a combination of NH 4 OH 
and NaOH a precipitate formed initially, 
but dissolved when an excess of the com- 
bination was added. What 10 ns are pres- 
ent, are absent, can't be determined? 

A -103 ’/.n*’ is the only ion which I 8 known to 
be pi esent. A1 ** and are absent. 

Aslni) 1 an't be determined. 

Q-104 How could a solution known to contain 
one of the following ions be analyzed"? 

Pb+S Cd+^ Ca"^ 
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A-104 Addition of NaOH would precipitate any 
of the three ions. Addition of excess 
NaOH to the precipitate would dissolve 
Pb(OH) 2 . Addition of excess NH 4 OH to 
the precipitate would dissolve Cd(OH) 2 . 
Ca(OH )2 would not dissolve in either 
excess NH 4 OH or Ns-OH. 


IJoth HWliiwi 

U^S variety of sepsratlcins smiMi- 
tifications of ions may be mads. 


NOTES 




